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ANALYSIS OF THE STRESSES IN THE RING ES 
A CONCRETE SKEW ARCH 


J. Ratusun,* M. Am. Soc. C. E. 


i= Bre 6, 1924. 


- - Although the skew arch is at rd 


nishes. the advantageous ‘solution of an ward 


- This paper presents a mathematical analysis of the stresses i in a skew arch ~ be 
with fixed ends, and gives examples of the application « of the formulas , derived. 


The writer does not claim that Iescih is an exact solution, but does think that the 


in the case sof a Ponies filled arch where the load d distribution is is , problematical. ; 


Two examples « of the application | of the formulas are. given: ‘First, an analysis 


pot the live and dead load stresses for a eg -filled arch; and, second, the ; 
effect of a concentrated vertical load on a ‘model arch. in the fi first 


the reaction of the spandrel walls caused by potas vitesup 


‘The ring of a concrete skew arch is structure 
containing forces and moments in such positions that in general all cannot be 2 
made parallel toa single plane. _ It must be - analyzed, therefore, i in three >dimen- 


‘sions instead of in the two used with a right arch. However, if ¢ all the loads 
are vertical, ‘symmetrically placed, , and lie in a plane that is midway between 


the spandrel el walls, a section parallel to o this plane and | to the walls can be 


used for the of a trial analysis. at Sys 3 ett 
_ The e assumption of this position of the forces is likely to be in ‘error as is s 
the > assumption that the arch thrust i against the abutment i is | eccentric, which : 


eccentricity results in greater compression on the obtuse corner. Tf the loads 


do not lie in this plane, it is difficult to foresee the stress distribution and it is — 
possible to have the greatest thrust at the acute end of the abutment. ba one 


Formulas are developed for computing the stresses ammount and loca- 


The method of ‘application i in its simplest form is given for t for two cases of flat 
arches (slabs) in order to” , present the general outline of procedure free from 


the lengthy arithmetical computations involved in the design of real arches. ce 


__ NoTe.—This paper is issued before the date set for presentation and ‘discussion. 
respondence is invited and may be sent by mail to the Secretary. Discussion on the paper 


be closed in May, 1924, and, when closed, full, 
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4 NALYSIS OF STRESSES I IN RING OF SKEW ARCH 


7 ‘The he paper is s divided into four parts as follows 
Second. —An outline of theory, with a statement of the simul 


taneous equations that define the forces and moments at the f 


crown; also, a simple application of the method. 


a Third. —An applic _ of the theory to two cases, including ” existing 
>. 
Fourth.— —As Appendis, the ling theory and the 

erms for 


INTRODUCTION | 


to the ‘spandrel walls, and't to ‘treat these as s if there 1 were 
skew, on the assumption that this ‘method ; gives, ‘safe results because it uses 
longest possible span. years ago, the writer designed and built a 
arch based on this ‘method of analysis. : Cracks appeared later, 2 giving evi- 


dence of faulty design. An arch ‘similarly and built in a “neighbor. 
a - city a few ye pars afterward recently failed,* indicating tension | where the 


analysis showed « compression. ‘The: reasoning leading to the approximate solu- 


- tion is questionable as it neglects many forces ‘and moments entirely, par- 
ticularly the horizontal 98) OF Ding 
When skew crossings are unavoidable, an arch, properly, designed, ‘js fre- 
a the most satisfactory a and artistic structure available. The intro- 
duces certain forces and moments not present at all in right arches present 


only” to a small degree. These factors have not been discussed in published | 


data. of past designs, and, therefore, a study of their magnitude and effect 


the stresses in the arch ring is desirable. boat of) To est. 


hoped that the discussion of this ‘paper will to more practical 


4 methods, in case the solution given here does’ not appeal to bridge designers. 
. ‘Iti is admitted that the work is laborious, but by the aid of a slide rule and eal: 
culating machine, ‘required time is” brought within ‘reason. ) 
-mulas submitted include the effect of direct thrust and the deformation m due te 
shear, but the work ean be shortened somewhat by following the usual prac 


tice of neglecting these factors. In general, those terms that contain the 


ts 


moment of inertia of the section “about the normal also can be neglected. AY 


designer experienced in this class" of work should be able to foresee, after 


~ the first trial design, what terms 1 may be dropped i in the case of a “particular 
owt tok ai teolgmie edt at to bois 
ino It is customary in analyzing a right arch to taxe a 1 section of unit widt 


; In the case of the skew : arch, the width has important properties and the 


whole arch ring must be considered. In this, it is assumed that the 
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as, for the arch is of the open ‘spandrel type ana load 

the roadway is transferred to the ring by posts, in which case it is rae 
here that provision is made to distribute this load across the - ring: parallel 


. _ Consider the arch ring as divided into two § 


axis of the barrel. This plane should be perpendicular to the surface of a 


arch ring at | the line of intersection. Each section will be considered as a 


curved cantilever beam (see Fig. 1), rigidly supported at the abutments and | 
subjected to outside forces (the loads), as well as to the force and moment 


developed | at the plane of intersection by the other half. The problem becomes 


one of determining what force and moment on ‘this plane will account for the- 


movement. of the two parts, such as. will keep them coincident: at their ‘plane a. 
intersection. 1 In general, tl the lines representing both the force and the axis sof 
‘the moment will be inclined to ‘the plane; ; the common point at which the 
‘two lines intersect this plane will be designated C. the arch ring is sym: 
‘metrical about: a vertical line through the crown, ‘it will simplify, the problem 
greatly to pass the cutting plane through ‘the line of sy mmetry, in which . 


ease the point where this line intersects the neutral surface can be taken as the 


a st 
| 


components: of and. of the with re spect to | each 0 by! 
three a axes are taken separately, requiring six inddeadent quantities to express ess 
completely the crown ‘reaction. These six quantities ¢ are as 
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(unknown in value as yet) and iene, used when defining the deflection of the 


crown of of either ‘section. feoq ait oft. ob barra! 
express completely the de: deflection of the he face cut by the plane through 
the crown also requires Six quantities. These quantities have been taken 

the movement of the center point, C, in the direction of each of the three a axes, 

_ and 1 also | the angular mo movement of this face about the same axes. As these 
six ‘quantities « are mutually y independent of each other, they may be taken as 
the six defining quantities. The value of each of these movements for both | 
- the left and the ‘right sections can be expressed in terms of the external loads, | 
3 ertain physical cl characteristics of the arch rie and the six literal quantities 
Consider the length of between two planes : at a distance,» 

(See Fig. 1. ‘Without serious error this part may be considered a as 

parallelopiped.— The forces moments at the ‘crown, togethe 

wi 

and it and thereby displacing ‘the to th 

abutment. The entire section is composed. of a number of aad 


acting under the influence of a ‘set of forces. aa 


- E . Att the same time, » the right section of the arch 1 is being acted on by another 
ol of forces and moments which ‘displaces its crown face. The abutment 
being fixed, of necessity the ‘movement of the crown of on one section must be 

- equal i in magnitude to that ‘of the other, as ‘they must coincide e both before ani 
7 after loading. Also, ¢ the « corresponding literal forces and moments h have the 
same value on each section, being | action and reaction. je In both cas cases, “care 
must be taken as to the algebraic sign 
_ Equating the elements o: of the crown movement of the left eft section to: those 


the Tight, six equations ar are obtained. As th these equations are are independe 


- erown reactions being fully determined, the problem ¢ of finding the ‘stress at 
any point becomes that of a cantilever under a loading, 


choosing the > point, at the the ¢ crown | on on the line of 
cutting plane through will | be vertical and two of the thre 
a _ _ axes may then be taken in this plane, one vertical and one horizontal. The 


a _— third w will be perpendicular to o the plane ‘and all will ps pass through the point, 6. 
a. — considering the left section, ag is positive to the left, y is positive dow 
toe a ward, and z positive if measured downward in plan. With the right we 
ia tion, however, is positive to the right, y positive downward, and Zz positir 
Rant “upward i in plan. ua See Fi ig. 2.) When the right section is s rotated about the line 
of. symmetry to the position of the left section, the signs of the co- -ordinaté 


ill be the same. . Each term on the left side of the equations as as found 


viously has a corresponding term on the right ‘side, except i in the e case of the} 

loading, which may be unsymmetrical. These corresponding terms eithe 
cancel or combine, d depending on the algebraic sign. This materially shortes! 
the formulas and the work of analysis. In in this paper, ‘the case of the ‘sylt 
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STRESSES IN RING OF SKEW ARCH 18 
"metrical arch 1 ring only has been formulas for unsymmetrical 
“ease can be developed similarly, but they are and not 


bal 
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i= 
or both 
1 loads, 


antities 


fas 
FORCES AND MOMENTS 


7 


The solution of the six equations with six unknowns. 7" not as formidable _ 


utments a task as at f first. appears. ~The work is divided into two groups, one containing 7 


must be equations: with two. unknowns, and the other, four equations with four 
fore and _ The latter group quickly reduces to three equations | with three 


inoue. If the loading as well as the arch is symmetrical (as for a dead 
ses, care fe load ° with a a level fill), the equations are e reduced still further in number, as the : 


to. those 
pend pee be used in n substituting i in n these a and other formulas in in th 


The in practical rok the foot and will be the 
stress 
loading. 
1 can be 


line y =th the, co- P to vertical and horizontal 
the three through the crown. 


tal. They 4 ani sod af =the area of the arch cut by a plane through P radial to a 


Bot 


arch ring and parallel to the axis of the arch panel. 


e dowt'| (measured parallel tot the Y-axis) from 


ight se in the center of gravity of the load, Ww, to a vertical plane 


positir “through P. (SeeFig-5.) 


t the line} the ratio between the moduli of elasticity in compression 


as fou = the tangent of the angle of the archh 


= angle of slope of a plane tangent to the e neutral sur- 


‘moment of inertia of the area, about the line 
through P normal to the neutral surface. 
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= the moment of inertia of the area, , A, , about a siete 
through P parallel to the Z- sd 
the factor of torsion, described later, page 140. 


“se 


gent and ‘radial lines ‘through P and ‘parallel to the 
= = the total vertical dead 1 load between the crown and sn 


=the width ok the arch ring parallel to the 


= the uniform live load per square unit. of road tes ace, 


4. 
at =the grade | of the | crown of the road as projected on the | 
Fate oy vertical ree Y) plane normal to the axis of the panel 
r = the total crown. thrust. art TESS 
= the components of T, parallel, respectively, to the ~aXxis, 


a crown ‘moment, 


inte? the fill over the arch at the line of 


= one-half the thickness of the arch at the crown. 
it Aviv! t= = the thickness of the arch, measured radially a at the 


g =i t cos ¢. Fig. 5 spor , Lave 


= the weight of the fill per cubic 


= ‘the difference between the elevations of the 1 


spandrel w valls on either side at the er 


or the ‘ratio ‘between the horizontal. and ‘the vertica 


ta gil? = the ratio ‘between the horizontal the vertical eartl 


Equations. —The required equations for the arch 
under a dead and a uniform load over the entire road surface a are as follows, 
where the i integrations are taken | over the half arch ring from the crown t0 
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cee eee 


ds = ads 
he @ x sin ig cos @ 


ly 7 


A sin n pcos 


© sin cos 


factor of torsion, F, may ie computed from Equation sl 


d As the angular rotation of a circular shaft under stress may | be: computed by the 


equation, 4 ——., in which. 6: is the rotation in radia, the torsion, 


1 I,, tl lar 
the pee 


4 


computed from ¢ the formula, 6 = - in which F has a value dependent on 
the width and breadth | of the shaft. As ‘the value of F enters quite promi 


 nently into the final computations, the writer hopes that the wil 
emphasize any difference of opinion regarding its amount. “ 


In the practical application of the formulas, finite quantities be used 
unless a a definite mathematical shape i is given to the arch ring. If ds is taken 


, This formula is an approximation from one derived by St. Vennant for the rigidity of 
rectangular shafts. It is given in numerous works on Mechanics, as well as in Mark's 
“Handbook”. Recent experiments described in Bulletin No. 3, Faculty of Applied Science 
and Engineering School of Engineering Research, University of Toronto, give the formula 
and also show that the rigidity of concrete in ‘torsion is little affected by reinforcement. 
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as a constant finite « quantity, 8, the integrations become : ‘summations ns and all 7 
Equations: ()a are ‘used as as though ° written in the form: 
by. 


The i, 8, enters into each term and, therefore, cancels. _ 
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and ROTATION OF ARCH RING \ 


4 


4 bint i 2 We 18 ay ile 
. may be & r —lti t is to be noted that the left side of the equations depends only on the arch — 
s sad ring, , whereas the right side i is determined by the method of loading. In addi = 
la] iGs at sin 


ae . tion to the loading given, the formulas for the loading terms due to a concen- ee 
» peek trated vertical load placed at any point on the arch (co-ordinates x’, 2’) have £ 
sion will been deduced and are given in the Appendix. As the method used is given in 


] jal _ “detail, it 3 is felt that any other case that r may arise in practice can be treated 


is taken Error i in Approximate Method —It has been suggested that the approximate 


rigidity of method of analysis, that is, by cc considering lamina parallel to the spandrel walls, _ 


be questionable. _ To estimate the error involved in the approximate method, 


consider the equations v with loading terms for vertical dead load and level grade S./ - 
it 


All terms will be those having Ai in the 
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ie? that is, those due to to direct thrust and shear, which are e usually y neglected i in 

arch design. In these. equations substitute, ye iB as 


In the resulting equations assume 


“8 
@ sin cos eA f mesin cos my y ‘sin 


2 cos ¢ 


m sin? m cos? 


from the fact that the loads are ‘symmetrical about the 
- The error in- these equations gives | a measure of the error involved in és 
substitutions, Equations (6) and Equations (3) and (4). are identities, 
_ whereas Equation (5) requires the anknown. quantity, m, to complete it. Com 


sidering the block of Fig. 4 as a free body, y is is zero by assumption and the 


moment, of the external load (not shown, see ‘Fig. is W Then, taking 


moments - about the horizontal axis ‘through P, it: is seen n that m is this resell 
ant moment. In an arch | ring of the | proper r shape the values of m are small, in 
fact, they may be reduced to zero by a judicious choice of dimensions if the load 
s definitely known. W x may be taken as any loading provided the resultant 
“ofall, the loads s on each block is Vv ertical and lies i sh bi a plane midway between the 


sf 
wih To show ‘that ‘the values obtained by the per — for T and 


pe with the dimensions in the direction of the X- axis dinezeiad by a: ratio, , E. 


In order that the weight on each block : may remain ‘unchanged, the distane? 


between the he spandrel walls measured in the ‘Z-direction must assumed to 


wikeh are the for a right arch. ring to be re- -drawn 
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be decreased by this. same. ratio, CK. Except for the values of Ie, the terms of 


but the v value | of W xis ‘multiplied by K, ge a the values : of both 7 and M 


= 


RING BETWEEN PLANES 
THROUGH C AND 
IN DIRECTION OF 
X-, Y-,Z-,U-AND V-AXES 


nd ‘the 
‘taking 


result 
nall, i in 


he load 


‘This change is exactly the one made | Ww hen. the skew arch is 


taking laminas ‘parallel: to the ‘spandrel Ww walls, this « case, is. 

TROT OA 
-see. (tan. ~ > and the results for both i , and M, are J K times as great as those 
“cbtained | from the section taken ‘normal to the barrel. total thrust, 


enalyzing the ring as a skew is, 9 
= ive a 


= 


riding the equations of error I » to 
eat Thus, under certain conditions, the method of design leads to approximately 


Correct result 


apers, 
ed 

ll 

A, 
| 
Timite 

Then, 
e-draw! & 

distance 
amed t0 


ANALYSIS. OF STRESSES IN RING OF SKEW ARCH 


this condition is not fulfilled if the of the fill is on a ‘stile, as | 
. _ can b be seen from the end elevation v: views | in in Figs. ‘5 and 6, but i in most, oe 


of horizontal forces, , such as as thrusts. 
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NOTATION FLAT ARCH 


= 0, sing = F=F., ds=dy. 


ya y =— bw. my dy 


BE 


é A. 


31, 31, * 2 
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‘ODT 

opping all terms containing I, and I,, as they are ‘wei in numerical vain 


ou 
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pare 


bstituting (15) in Equation: (14a): 
3 oT. M, > b w 


Wi yeti 


Pape 
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— —— it 1s not true in general that M,=—eM,. If H is placed equal to zero, the . 
moment on a slab fixed at the ends becomes — M, = « M,= b w S*; in this 
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case, the span may be _— by taking laminas parallel to the spandrel wall. 
Incidentally, as y y= 0 and sin $ = 0, the terms in all the equations giving the j 
measure 0 of error ‘reduce to zero, except in ‘Equation 14 (d) which reduces to. 


If, however, L,, is made: ver} small com pared to } = —bw S? + — 

the latter remaining — — bw S*%. The equations g giving the error are no longer 

reduced to identities as f'n of 0. This is the case of a ‘flat slab resting on 


To take a a definite example, assume tie’ following dimensions: 
b= 20 ft 3 t =t, = 1 ft. ; S= = 30 ft.; = 12 ft.; w = 0.1 kip per oq. ft. 


haslgi theres 


ad UR et nie 12 [18 +1. 8) T, == 


4 


be § given, one > being ‘that « of a a model acted on 
load placed in turn in six different positions, and the other being that of an — 
arch ring (Figs. 8 and 9), under a dead load and a uniform live load over the 

; ‘eatire arch. The analysis of the model shows the general effect on the abut- 
“ment reactions. of shifting the position of a concentrated pe on the a manny 7 
The analysis of ' the arch shows the method of procedure a 

involved i in the first approximation for the design. The steel has been omitted — 


in this design, | but should for the second approxin mation being 


second approximation terms may be omitted , being small as com 


a Application to Spandrel Filled Arch.—The arch ring analyzed has | a ‘dear 
> of 30 ft. and a rise of 14 ft. The fill has : a depth at the center point of 


Soft. and a a longitudinal grade of 17 per cent. _ The abutments are 30 ft. apart. oe q 
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These and’ other details of ‘the arch ring are shown 8 and 9 and 
Table 1. am wpe Us ai adi = & aie bits = 

o2 ‘The section used in ayn out the arch ring is that indy a vertical 


drel walls, After drawing this : section to any convenient scale, the arch ring 


fag 


Z 4 should be divided into an even number of parts. equal in length, beginning at 
; } _ the crown. _ For each of these blocks, the following quantities are obtained by 


7 i plane perpendicular to the barrel of the arch rather than parallel ‘to the span- 


SHO: OF 


"sealing: tan b, 1 y, and. (See. Fig. 1. ) factor of torsion as well as the 
_ moment of inertia about the z-axis and about the normal at the center of each | 


block must be computed. These quantities, together with the angle of skew, 
tan a » the width, 4, the depth, f, and the moduli of. elasticity of the ‘material, 


both i in compression and shear, the only quantities required for the 


pe 


tion under : any system of loading. x Ib computing the moment of. inertia, . the 
of the steel must be taken” into” account by substituting for the area of 
of steel an area of concrete which would have an ee effect, that is, the 


steel area multiplied by the ratio of (08 = 


Modulus of elasticity of steel 


Modulus of elasticity of concrete 


he remainder of the work consists: in st substituting i in ‘Equations ona soly- 
ing ‘the six simultaneous equations thus obtained. 


e In order. that the | amount of work required for a . trial 1 analysis may be esti- 
mated, the complete solution for obtaining crown reactions As given. ‘Tablet 


shows the computations for the approximate values of the integrations. Table 
~ * gives the substitutions in the formulas Ww ith the r eduction to the simulta- 


~ 4 eous equations, , which, in turn, are solved i in Table 3, giving the crown reac: 
‘ 

ions: e After these are obtained, the stress a at any section is fully determinate. 

The method of constructing Table is clear. AD table of natural functions 


and a slide rule are indispensable and i in addition a table of squares, cubes, and 
reciprocals will facilitate the work. ‘computing machine \ will greatly 


diminish the labor of solving the equations. ett 
i, & _ The ring was analy: zed for the following loads: (a) dead load; (b) uniformly 


distributed live: load; ; (c) horizontal earth pressure of the spandrel fill ; (d) 
horizontal earth } pressure 2 due to a uniform live load; and (e) temperature. - ‘The 
five loads have been kept separate in this analysis and are found in in the five 


right. hand columns of Table 3. _ The equations to the left of the equality sign 


remain the same, of course, for all five loads. de alt ai 
In the example | just given, the reinforcement, was disregarded a nd, as the 


— 


P 
necessary change i is easily followed, it was not considered wise to lengthen the 


(are 


t b fi me) < 
wet 1e first ‘set of ations. « chang: es in the value of A 


(the area) and: I (the moment of inertia), are simple. le. Recent experiments 


how that F i is changed little by adding yeinforcement. ist $0 


small arches of the terms “may be omitted, as their influence is 


egligible compared | to that of other terms . This is particularly true in the 


jc Tec is with this idea Equations (1) are con 


> 


4 
— 
=| 
4 
4 


ANALYSIS OF OF SKEV 


4 


2 
~ 


| 


sin? 


Be 


ott 


| 6.408 


ia, the 
irea of 


is, the 


| 


¢ 


172.12 


OR 
4 ‘See 
d Kips 
ing. 


sealin 


< 
ictions 
re 
8, , and 
genase) 


con: 


& 4 

= 
nce is 
the 


.| 
ertical 
separ 
f eac | 
12 
soly — 
tm 
¥ 
ar, 
eek 
dH» hal ‘ 


te 


ved). 


~ 


ANALYSIS OF STRESSES IN RING OF SKEW ARCH 


4 at cos 
8 


cos 


 uxsind 


| 


x8 sin ¢ cos 


= 


a 


sin ¢ cos @ 


x2 cos? 


=F 


ws 

5 


SIESSSSIRS 


0.615 


| 


85.382 


7 


> 


| 
Vt. conc, 


Wt. Fill 


| 


wei 


ISE 


= 


owe 


+ 


fag 


700 
710 


Point 


10" 


= 


4 


© 
pi. = q [ Papers, Paper 
— | = | | | 


5 


8 
“4 
18 
4 
4 


8 


| 

a 

ogee 


ucos2 

uysind 


(Bi — (ST) 
me + Sate - 
grat 
= +18 = 
= 


* 


rv 


bb + the 


os 


sin ¢ cos 


desndacess 
= 


} 


{Papers upers.] ANALYSIS OF STRESSES IN RING OF SKEW bs 
om 
— 
Fase 
| 


— 
TABL E 2.— Compu UTATIONS. 


: = = 60 ft.; w= 0.1 kips per sq. ft.5 g 


(2) (10°) (144) ki f 
(108) (14 4) k ips per s sq. 


g = (17 2) sec. tan — = (017) (1.823) 
n = (0.5) (0.17) (b) sin tan — 1 « = (0.5) (0.17) (60) (0.84) = 4.27 | es. x 

an (m) [ sous (35 + 1 PES: | 

(a). [(12) (27.19) + «2 (8.945) (77.07) ] Tr —[(e) (8.945) (46.60) ] Tz + (12) (6.01) Ms + 

+ ¢2 (689.88) Ti, + 416.88 Tz 73.44 My, = 1 939.05 T. 


) (27 

28) 

(8.945) 


(d). (12) (8.0%) Mz = 36.90 M: 
( ) (2.4 31 M, 
2) (28 995) — e2 (8.945) (88 488) = — 847 940 — 299 544 = — 1049 142.55 
.31) (26 066.1) e2 (8.945) (0.81) (12 (4. 27) (60) (8. 945) (120. = +96 9 96 965.89 
85 925.55 — 27 7 268.20 « = — 245 156.34 
€ (8.945) (19 858.6) = 177 631.8 = 271 775.89 
7 (e). —e (0.31) (8.945) (975.8) + (4.27) (8. 945) (60) (8. 21) = — 2705.79 « + 18 814.52 = 14 674.66 ze) 
(8 971) = 35 519.82 = 54 845, Sin ~ 
Loapine TERMS : 
.8) = — 30 166.56 — 25 165,02 <2 = — 8912.7 
Ate 


| 
©: 
| 
w 
> 
ll 
v0 § 
ll 
| 
ow 
or 
4 


7) (e) (8.945) (0. 31) (85. 32) — (2) (0. 812) (26 066. (0. 31) (9) (0.81) 
(0.81) (197.85) (12) (40.5 + °8.08)] = 2 [15 456.2 — 1558.0 — — 32 088.) 
— 2 oe 588.8] = — 111 076 6 


TABLE 3.—SOLUTION OF 


2 [(42.7) (8.945) (20.107) — (42.7) (8.945) (2. 623) + (42.7) (0.59) (8.945) (3.798) (e) (88.20) (8.94) 
 (46.60)} = 2 [7 679.7 — 1 001.9 + 854.76 24 404.45 = 2 82 097.1) = 
(d). [(2) (172.12) + (6) (9)_ (27.19) + (6) (0.812) (887.96) + (6) (9) (0.812) (197.85) 14) 6.01) 2) 
— 48) @. 1B) 12) (9) (0.58) (3. .075)] = 2 (344.24 1468 + 482 + 1027431 
2 [(48,7) (8.945) (2.588) — (42.7) (0.584) 18.915) + (42-7 (0.59) 8.045 5) (0.921) + (e) (8.945) (88.2) (821) 
= 968.5 — 204.04 207.5 -+ 4 202 [5 284.1] = 10 
Horizontan Ear 2%: ESS 
(a). 2 [(6) (172. 32) (0.812) (887.96) (12) (27.19) - — (6) (2.15) — «2 x 945) (8. 41) ( (77.07) 
2 082.4 + 488.8 + 202.5 — 12.9 — 13 571.7] = 2 [— 11.8765] = — 28 758.0 
12) (0.81) (887.96) — (12) (9) (0.81) (197.85)] = = =2 [31 6] = 
{e). 7 ¢ (8.41) (8.945) (46.60)] = 2 [5 368.4] = + 10 726.8 = 
2[(6) (27-19) + (6) (0-812) (194.85) + (12) (0.59) (6. 01) — (6) (0.841)] =2 [168.1 
25 (18) (25) (0. 0000085) (2 000) (144) = 2020. ; 
©). 


- A = 2.5; = 1.58 rade = 17% | 
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nsed from those obtained i in outlining the theory by dropping some of these inbes 


4 minor terms. That the significance of some of these. omitted terms may be 


estimated, Table - 4 has been prepared, in which the equations are solved with Prac 
“hone of the terms omitted. — This gives an idea of the error involved i in this mad 
case in . which both the skew and the grade are larger than will usually be fons 


1s used. : 


ARCH CorrFicients, INCLUDING TERMS OMITTED IN 
[4.19 + 4.58 + 826.98 + 0.98 + 0.84 + 680,88 Ta — 0.547 416,88 e] Ts +7 
[0.072 — 0.054 — 73.44 «] M - = [884.99 + 691.14 T,, —41 870 Tz + 72.12 M 
= 1 952.88 T, — 64041 Tz +- 72.12 Mz — 112.33 My 
74.20 + 1.12 $0.69 + 1 082.25 e2] Ty 2 886.49 + 1 081. 80 «2 18. 
(ce). [0.297 + 0.0385 4 253.94] 7". — [0.011 — 0,008 — 41.68] Mz = Tz +4 
(e). [0.0144 0.008+5.14] My=5.15 My = 
(f). 10,006 + 0.011 + § 1] My = 22.382 Mz 
[818.72 + 647.91 + 96 965.89 + 77.21 «2 — 287.16 + 85 925.55 «2 — 177.89 « — 277 268.2] = 97 926,52 
877 782.75 96 804.1 1 e2 = — 242 020,82 
(c). [— 748 .76 + 193.46 + 177 631.30] «= 177081e= 27098898 
[40.0 + 28.84 + 85 519.82] « = 85 588.16 = 5444.28 


194 40 — 80 166,56 + (84, 08 — 96,04. — 25 185.021) <2] = — 30 360,96 — 25 176. 18. = — 89 192.17 


62.81 + 14.71 + 15 505 74] « = 15 468.14 « = 28 650.95 


(a). —2 [20.7 + 74 — + 13.4. 44 21 5+ 129+ 268.5 — 20.9— 241. 0+ 


-_ 8.7 — 8.7 4+ 88.5 — 29.1 + 10.4 3 — 44.3 — 18 530.5 + 2005.0 — 198.2 — 61 677.9 + 2668.2 a 
9204.5 2608.0 148485 64.9-+ 3 348.6] = —2 (— 58 821.5) = 107 643.0 
—2 55.6 90.6 17.8 13.8 + 15 456.8 — 1 58,0 9948.4 — 98 064.9 + 58.0088) 
(ec). —2 [28.0 — 8.1 438.14 77.94 12.6—464 114 31 T0707 — 1001.9 + 8848 + 244045) 
.0 + 871.0 — 45 =—2 63106) = 10.6982 
(e). —2[—13—0.8 — 758.1] = —2 (— (760 2) = 1520.4 J we: 
— 424 08 +0 B.1-+ 988.5 — 204.0 + 207.5 + 4202.1) = —2 (52824) 


HORIZONTAL Earta Pressure, Live Loap: 
20427 10824 4852+ 1005-4 12 13 571.7 
—2 (17.1 + 6.9 + 5 868.4) = — 2 (5887.4) = wh 
—2(—0 7 + 944.98) = — =—1 
‘The solution of the resulting equations is given in Table 5. a 
Dead load. Live load. | Horizontal | Horizontal ‘Temperature. 
68.0 89.4 4 
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Application to a Model with a Concentrated Load. —The | writer had hoped 


y be to make a model of steel and to conduct a series of tests to check his theory. 
with | Practical difficulties have arisen to prevent this. The computations have been 
‘tie made an and merely the results showing the change i in crown and abutment reac- 
y be tions as the load is moved about, are indicated on Fig. 10. The ‘model investi- — 
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gated had a clear span of 1131 - measured perpendicularly between 
fact, it is a model of the larger arch ‘ting to a seale 0 of in. = ‘1: ft. The per- 
-pendieular distance between spandrel walls is taken as 12 imi 
Z _ In obtaining the loading terms the integrals are taken for the blocks 


between _ the load | and the abutment only. ~The columns corresponding to 


wi 


‘Table were first summed up and, later, the last five terms only were summed 
- baie This gives two totals, the first being used for loads on the crown and 
the second for loads on the fifth block. In other respects, no new ideas are 


involved in the. calculations, which, ‘therefore, h ave been omitted. 
=/ “Rig. 10 shows in plan, elevation, and transverse view, the left section of fh 
_ the model and the location onl direction of the thrusts on the left abutment § 


7 and on the crown for each of six positions. » In addition to these thrusts, there | whe1 


is a moment about | a vertical axis at the ‘abutment as well as one about a & ‘row 


General Comments. the foregoing, it must be evident that the 
arch presents: problems not involved in the analysis of the right arch, 


The difficulty arises because of the: necessity for considering forces and in t 
7 a three dimensions, instead of two as ordinarily used i in arch design. defo 
method of treatment neglecting the third dimension would be u unreliable 
because “no section lying i in any one plane « contains all the pertinent factors. 
The ‘theoretical solution is only one phase of “the problem. An equally = 
important phase is the presentation of this solution in such form as to be | easy. P, t 
of comprehension and practical of application. With this in mind, the writer body 
= familiar ‘to designing draftsmen, as he feels that the result is gain in in 


clearness, although at > expense of appearing labored. 


= 


has chosen the present method of derivation for these formulas rather than one para 

involvin; g the idea’ of “ least work”, or some similar scheme not generally 


wie _ Acknowledgment is hereby given to A. ‘HH. Beyer, M. Am. Soe. C. E, for 
: * suggestion of the flat slab 88 a means of illustration and other criticisms 


toward clearness of presentation; also to O. May, Assoc. M. Am. 


| Bee C. E,, for many helpful. suggestions; and to Mr. Harold Clarke, a member 


of the Student Chapter of the Society of the University of Washington, for 


checking the algebra and arithmetic in the fr st td raft of the paper. 


‘Terms for Arch—Let the left of the rin g be cut by a “series 
of radial planes. ‘These planes: may be « considered as ‘cutting ‘the ring | into 
= of a length, 8 } (see Fig. 1), and the portions enclosed between two adja- 


cent planes ¢ as acted 0 on 1 and deformed by the forces on the section between the 


a 


crown and the known Toads, and ‘deformed chines 


Papel 
al 
‘sum 
“crow 
4 crow 
nece: 
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= 
: para 
oon 
cent 
ro 

| rota 


ommation of the block deflects the crown ; the total crown deflection is the 


‘sum of the deflections due to all the block deformations. In | order ‘that the 
crown faces of the Section: and of section shall: coincide, itis 


25a 


Br. 


respectively; 
dar, 4 Bry the rotation of the left crown face ‘about the 


ad} 
@-axes, respectiv ely; and, ‘similarly, for the right: section. 


iti is necessary to find : First, the forces and moments acting on the blocks | it . 


in terms of the Toads ‘and of the six unknowns at the crown ; second, the 
deformation of the block due to these forces; and, third, the deflection at the 


crown, due to this deformation. © bins result will give the values to be substi- 


To find the forces’ and Midasihdishn? acting on a block the center of which 


P, ‘the part of the arch betw een the crown and this block is taken as a free 


body. (See Fig. ay" As it must be in equilibrium, the sum of the forces 


parallel to each axis ‘and the sum of the ‘moments ‘about each axis are equal» 


to zero as shown i in the following . 


= T, cos @ sin @ (26a 


@ + Ty C08 ( 


m, y—T, x e+ M, 
Axes: are assumed through the point, P, one pail sor to the pa ring, one 


parallel to the | barrel of the arch, and the third perpendicular to these two, 


and the forces and moments are referred to ‘these axes, ~The meanings of the 
terms Wy t., Mz, My, My are as shown in Fig. The formulas will first 


be developed for the — reaction, the terms involving the load to be con- © 


These forces and moments produce deformation of the block causing the 
center of its upper face to shift releitive to the lower face, and the face to 


rotate about. each of the given axes. _ The amount of this deformation = 


= 
rotation is expressed | as 
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= (7, excos T, 


‘Ge M, M. 


Be th sin si sin @ + M, cos — (27f) 
where £ is the modulus of elasticity and a B, and -y are the rotation of the 


“upper face of the block relative to the lower ‘about the Z, Us and v v-axes, 

The sections of the arch ring, ‘that i is, the faces of the blocks at the cutting | 

- planes, are not, in general, symmetrical about the two. axes of reference. The 

vertical plane | will cut the arch ring in a rectangular : section, but any inclined 


plane will cut the ring in an oblique parallelogram the angles of which are 


 funetions of | ‘the: skew. A slight error is "introduced by assuming that the 


‘The usual assumption in » the theory of flexure was made, namely, that a 


: straight line » perpendicular to the ‘neutral surface remains ‘straight during 


_ The rotation of the line joining | the points, ¢ C and 9A due tot the deforma- 
= tion of the block, is shown i in Fig. 3, in three planes, relative to the Z- -axis, 


axis, and v-axis the angular movements being a, and y, respectively. 


During the 1 movement, the line, ¢ FP, is assumed ‘to remain straight and of 

ia constant length, that i ‘is, , this part of the arch is assumed to be rigid. ‘The 


TABLE 6.—Mov EMENT OF Pot Due to DerormaTIon at Point P. 


of block at 
d) Yo 


Point P. 


a 
It should be that the movement of the point, ist referred to per 
a's 
-pendicular axes, one being parallel to the barrel and the others being i 


normal to neutral surface at whereas, in cases, the move 
to these same axes: and, in some cases the axes, and 
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ies € and The rela- 
a, and u and (4), are fundamental 


terms of the column, d x, should be v alues of dv, u, ete., 


_ ‘The term, Ley denotes the deflection Pi the crown in the direction of the 


en the left half of the arch is acl 
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each block the sum. the partial deflections due 


_ to each deformation should be taken to find | the total « deflection of f the crown — 
along and around each axis. If the blocks are considered of infinitesimal 


length, the terms of Equations (28) ean be written as integrals. In ‘practice, . 
however, the arch ring § should be divided uniform length, 
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The deflection of the right- hand section likewise may be found, consider- 
ing the crown as the origin and noting that the “arch: is ‘symmetrical. about 


‘the center of the crown. Tn this case, the equations will be the same, ae 
term, for both sides of the arch, except the loading terms and the sign 
Vand M. Substituting these values for 4 4 


a ds 
x sin oF 


_, 
S fyi 7, - 
Be 
a 


as 


pcos pds "cos fore 


0 


— due to the loads on the arch ring represented by here terms, 
after which the stresses at any point are obtained. 
- The error due to assuming 's as finite » may be reduced fe ‘taking a large 


number ‘of blocks or by plotting the terms as a curve and taking: the area 


ik 


Temperature Loading —As ihe loading terms are equal in quan 
to deflection the the section as a cantilever 
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which, 


= cocticient of expansion. 

Pee: a finite summation is made and the terms are 


4s, the temperature terms also should be divided by this 


pe The principal loads of interest in arch design are the dead load, the in 


form live load, and the concentrated load. If the road is on a grade and the 


eross-section taken parallel to the barrel of the arch, the “upper r line of the 
fill is not level. ‘This causes ‘complications i in the terms involving grade. The 


constant terms, EB and s , can be cancelled, as they occur in every term. . 


Concentrated Terms. —Equations for the loading terms have been 
“written for a concentrated load, W, placed at the point, 2’, 2’, and acting ver- 
“tically. These « equations are derived by “placing two equal and opposite forces 
at the « crown and also two at the point, @, One of these crown 
forces acts in the same manner as. TY in the equations already derived, the 
other, together with 1 one at the point, 0, z " produces a moment, We , equal, to 
U, but. opposite i in n sign, w hereas, the original load and the ‘second force at 


0, # produce a moment, “We, , corresponding to M,. Substituting T, = = = 


and 1 M, =— We’ in 1 the e equations for deflection, the following 
_ terms are produced : for : a vertical load of magnitude, I, placed at the point, — 


tee ¥. Iti is to be noted that ‘the: summation should be carried only from the ~ 
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Dead Loading Ter Fig. 


aad 


. 5 are ‘Lhd the forces: acting on the left 


the barrel of the arch, one. through crown ‘and the other through ‘the 


point, ~The vertical forces are 


e the weight of the arch ring, and « of the in-| 


"4 clined fill, which is separated for convenience into ten parts by a horizontal 
plane’ through the surface above the point of symmetry. ‘similar ‘oblique 


wedge- shaped part due 


of the arch, but opposite in sign. | The constant, Na 


2 to the grade will have a like effect for the right half 


‘a denotes the ratio between 


intensities of horizontal and vertical earth pressures. 


‘Taking moments ‘and forces at the point, P, the following equations may 
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in which the values, T, Q, and R a 


OF SKEW ARCH 


are written to shorten the nin They 


represent th the horizontal thrust, moment about the vertical through P and the 2 
moment about an axis through P parallel to the | 2 axis, , respectively, due to. 


horizontal earth action when 7, na bw w is unity. (ashy: 


As to the other ‘symbols used in ‘Fig. 5, is the horizontal distance from 


the plane ‘through P to the center of gravity of the dead load, W. 


Inserting these values in| Table 6, the followi ng equations 
which ‘represent the Ipading terms fe of | 
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‘The loading terms for see! right side ai are the same, except for mi sign of g 
and n. . Equating the left side - the right and, combining or cancelling terms, 


bet 
| 
(OQ, + Qpr) x Cos* & — (Qn + + Qn) wv sin- 


og x sin’ ——enb o | sin 


€ 
— 
— 
arr 
— 
— 
— 
— 
— 
— 


Papers.] "ANALYSIS (OF § 


d 


-n 


@ fe on cos @ — re (QV, — Qpr) cos? 


— QR) sin 


le on, (Tr + are ev valuated as 


= 


Substituting the value of h, = +9 


apers, 
) — — Q 
— 
(4a+ 
— 
Na b @ Ss (Q 5c) a, 
inc 
— 
G5) 


AW OF STRESSES IN 
gah? +. h gra 


+ (Qn + Qe) = G bny— 


— fr? —fe 


ib 
1 
f e, 


pers. 
— 
— 
section 
— 
— 
= 
— 
— 


ANALYSIS OF STRESSES IN RING SKEW ‘ARCH 


+e 


+ 


4 = — 
1 QL Ae 


J 


1 


cos — 


| 


Ti+ 
ny 


(Qt + on) | 


we 


+ RR) — 
foltsy 


2 


sin 


ax 


Uniform: Loading 


fe— 


Pig 


pers. Papers.) 

= 

nx b 61d 
d 

prms.—The loading terms for a load uniformly dis- 
= _ Ulbuted over either half or all of the arch are obtained in an exactly analogous) a 

a ‘Manner from Fig. 6.. The following equations are taken at once from the Sa a 
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‘able 6, the loading terms for the arch loaded 
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in which, the terms due to earth pressure, are: 


gor ye 


1 
to Zero; one term dropped the value of — 


Shortening the Equations —The equations obtained are unwieldy 

> _ practical use, and an attempt has been made to shorten them without mate- 


= rially sacrificing their accuracy. If the terms due to ‘direct thrust on the 
* arch ring, and due to. the deformations f from shear. and bending about the 


ormal, are omitted, the resulting answer is affected but slightly. These terms 
re small | compared t to those due ie to bending | about a horizontal axis o torsion - 
about the line to the face ‘of the block. 
s for determining. the crown reactions can then be a, as 
in ‘Equations (1). In these equations, the terms that : should b be anal in 


giv 
the es case 0 of earth thrust will change with ‘the shape | of the arch x ring. _ However, 
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In this paper are ‘deseribed a series of research projects carefully pla nned_ 


nie ‘problems investigated include ‘the drainage of ‘gub- grade 
‘soilg, the effect of f repeated bearing pressures 01 on soils, the effect of temperature 


“changes on pavement surfaces, the position of wheel loads as affecting stresses 
in pavement slabs, impact resulting from moving wheel loads, and the fatigue ~ 


effect of repeated loads: causing bending stresses in plain concrete. 
A test road was constructed 80 as to eliminate as far. as possible the 
factor of sub- -grade bearing “power. Six | groups of test sections were built, 
each representing a given type of pavement. Each group included a series of 


- sections graduated in thickness and strength | from light to heavy, and presumed 
to be comparable with corresponding sections of the other groups. The test 
road was subjected to a graduated artificial truck traffic, beginning with | 
wheel loads of 2500 Tb. and ending with wheel loads: of 13 000 abso! 
i this paper are | described briefly the n methods used in the investigations a - 
the data. obtained, and the tentative ‘conelusions” drawn from these st udies. 
The highway research act activities of the of Highways, Department 
Public Works and Buildings, of Illinois were started 1920 with 
ambitious program. This work centers about ta test road constructed by the 
State near Bates, Tl., popularly called 1 the Bates Test Road. The contemplated : 
“expenditure of about $100 000 000 for the paving of a primary road system — “4 
the > inspiration t that: gave birth to the intensive research activities of th the 


a _ For purposes: of discussion, this research work will be considered under 


alt Fi —Carefully special. investigations | bearing» on. ‘the 
“important factors involved i in the rational design of pavement surfaces. -The 
principal problems were to determine (a) the path of wheel travel. resulting 
in maximum destructive forces; (b) the impact effects of wheel loads; (c) the 
- safe working stress for certain paving materials; and (d) the character of the 
Support afforded. the pavement by the sub- grade sok 
ee Second.—tTraffic tests of a variety of pavement sections designed so as to 
empirical data for use in any laws 
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RESEARCH IN ae 
“at _ Anticipating possible failure to develop a complete rational method for the 
a design of pavement surfaces, the empirical data were expected to become a 
valuable guide for future construction. f The Bates Test ‘Road was was ™ with 


both: these general forms of research i in mind. 


GeneraL Puan or nie Restanon Prosect 


of each of the gener: ‘al types pes considered to ‘merit. a place i in the 
large” State pavir ng program then contemplated. Each group sections 
‘representing a given type included r ranges of thickness: varying from an 


__ arbitrary minimum considered suitable for the lightest traffic toa ‘maximum 
considered as possibly being able to withstand the heaviest units of traffic 


As the test sections were completed, ‘special were > undertaker, 


I 
was then to subject all sections to an artificial truck traffic, 
7 with: truck loads no greater than those which might be expected on light 


traffic roads, followed by successive increases of wheel loads until the - maximum 


: pe ‘permitted by law had been reached, or possibly exceeded. It was hoped that this. 
3 plan of traffic testing would bring out at least roughly the relationship between 


wheel loads and thickness Of for each type used pala | 


Each of the following types was represented by a group of sections: 4 


rio tae - (a) Vitrified brick surfacing with bituminous joint filler on a a macadam 


vd Asphaltic conerete surfacing on a macadam base; 
_ oa _ (d) Vitrified brick with bituminous joint filler on a concrete base; 


So- ‘called “monolithic” brick, or brick with cement grout filler laid 

on a concrete base before it had set ; and 

(A) One-course. concrete, both plain and with various inclusions © of 


‘eonstructed in the fall of 1920. "The of 1 to 11, was 
laid i in 1 the spring of 1921. asphaltic on Sections 6 to 


on Sections 1 to 5, and 28 to 32, by See- 
tions 57 to 63, inclusive, were laid in the spring of 1921. Sections 63 and 63B 
vere not included in the original plan, but were added before the completion 
of the remainder of the : sections, profiting by the r results s obtained from certain 
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rABL E TAILED DESCRIPTION OF THE TEST SECTIONS. 
(a) Baicx § SuRFAcING WITH JOINT ON 
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q 
~TABL E 1 (Continued). 


(d) VITRIFIED Brick SURFACE WITH BITUMINOUS JoINnT FILLER ON BASE. 
Base course | 
thickness, Bas thickness 
inches. | in inches. 


& 


Blu 


ovis 
(e) Brick on CoNCcRETE BasE.* 


of brick, ype. thickness, 


Base mi ‘Total thickness, 


“Monolithic | 2 |. 

Monolithic 
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ditt 


Sect 
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i- 
— 
Numbe 
42 
4 
4 
| 
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Corrugated transverse every 25 ft. Corrugated 
of do longitudinal joints | fu length c of sectiont. a 


None, 
Corrugated transverse joint 95 ft. ; 


full length of sectiont. 
Corrugated transverse joint every 25 ft.  Corrt a 
bev ity | longitudinal joints full length of sectiont. Pave- 
100° = 
ment reinforced with circumferential reinforeing 
io: axe in: by Oft. sections.» 
HOF PORTS longitudinal joints full length of sectiont. Pave- 
46 100 ment reinforced with circumferential reinforcing 
in 25 by 18 ft. sections. Transverse rods passed 
sige ( |Corrugated transverse joint every 25 ft. No longi- 
P tudinal jointst. Pavement reinforced with circum- 
' tg A ferential reinforcing in 25 by 18 ft. sections. 


~ Calcium chloride incorporated in 125 ft. 

 |4-in, rolled-stone base course slab. 
851 ly Cemite cement used. eA 
1234% calcium chloride incorporated. 


vat 


*Crushed limestone used for. coarse aggregate in all Bections 55 and 
68A, in which gravel was oF 


"|The wire reinforcing weighed approximately 45 Ib. per 100 sq. ft. The 
tue longitudinal sectional area, in square inches per foot of width, was 0. 093 and the 
‘ectional area of the longitudinals, in square inches per foot of width, was 0.087. vig sh, 


| Longitudinal joint full length of section; %-in. ee bars, 5 ft. long ane ‘spaced 
10 ft. apart, were. placed across longitudinal joint. A %-in. plain round painted bar was 7 
placed 6 in. from each outside edge of the slab and at one-half its a The longitudinal 
bar along the edge was through Sections 62, 638A, and 63B. 


we 
A length’ of F200 ft. ‘was selected as standard for each primary test section 


This dimension s should be of such magnitude that in n case of the complete failure’ 
of an adjacent section, thereby imposing undue stress on the end of the section 


in ‘question, an additional length would still remain from which to judge the er 
normal effect of traffic. on a similar road of. indefinite length. + It was also con- ws 


sidered that the test sections involving the use of concrete should be of. sufi- 


[ Papers, Papers.) — 
4 
7 
q 
«10% 
1049 
1 
es. 
& 
ta Transverse and longitudinal joints were forme y setting on edge strips Of horizonta : iy Be 
corrugated galvanized iron. The strips were 6 ft. long and had a width of 1 in. less than the om Pd r e 
thickness of the pavement. The width of the corrugations was 3 in., and the depth 1 in, : 
The metal was 16-gauge and the weight of galvanizing Oper 
bar reinforcing consisted of %-in. round deformed dowel bars placed 2 in, from 
| 
> 
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cient length to. ine clude one construction joint and at least one natural trans cer 
verse contraction crack before 1 the artificial truck traffic was started. , OR opr 
in each” section involving the of concrete, construction joint was At 

placed | ata a distance of 25 ‘ft. from the east end of the section | number of of as 

10 


Goldbeck pres pressure cells w were e placed in many of the sections as the | pavement 
_ was laid. . About 600 i iron pipes | of a length equal to the depth of the pavement | by 


were re also set at various places, , the tops being closed by water- tight plugs | - tic 
— The p purpose of these pipes was to enable observers to secure samples of the Bs 
a ‘sub- grade soil for moisture determinations and to facilitate observation of con 


tact between the ur under ‘surface. of the pavement slab and the sub-grade soil. oe 


ee Inasmuch as the soil throughout a large part of the State exhibits fairl 


characteristics and veonsidering the fact that the relative 
behavior of the various Sections could not be judged if the nature of the fou- 


~ dation: varied materially, ‘a site was seleeted where sub- grade conditions woull 
be as nearly uniform as possible. _ Practically all unprejudiced observers agree 


that the Bates Road site fulfilled these conditions 4 as ideally as could be expected 


of road of two more. No.1 visible variation in the char- 


Impact NVESTIGATIONS 


rapidly « as the sections were etanpleted and aged, 


as to their action under load ‘were conducted. 
. ae knowledge o of the wheel loads imposed by highway traffic is a fundamenti 


tc for rational design. It is believed that until more ; is known 
regarding the design o of the economical highway transport freight unit, wheel 
loads: ‘must be arbitrarily limited by law, » in order r to safeguard the many 


4 


* a pavement, ‘it ‘is necessary either to assume the maximum expected whee 


"found for. determining “the fiber deformation the upper face of a concrete 


impact stresses by observations of deflections. “Records of rigid 

_ pavement failures seem to indicate that, in ordinary types, maximum stress 

occur at corners and unbroken edges. Accordingly, impact observations wert 
nfined to ‘such ‘points. 


Relation: of Deflection Curves L Due to Impact and to Static Loads. 
: aa thought that possibly a sudden | blow, produced, for ; instance, by 2 a truck whee 
Qa alling from an obstruction, might ‘result in a deflection curve of shorter ‘radi 


on at? 
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wes 


il trans. certain, point. In establish deflection curves 


produced by impact and by static loads, the folloy ing plan was finally devised: 
‘At intervals along the edge of the pavement slab, Ames: dials were located so 


as to indicate the deflection of the slab at distances 0 of 0 in,, , 20 in. Ley & ft., 7 ft., :. 


10 ft., 13 : ft., and 16 ft. from the point of observation. ‘The dials were actuated 
by metallic lugs attached to the pavement edge, and: ‘were equipped with a fric- 


tion device, by which 1 the ‘Spindle : and the index pointer, having moved to the : 
point of maximum deflection, would retain that position after the load was 


and the pavement slab had recovered its original elevation. A small 
bulb at each dial, electrically connected, remained lighted as long as the lug” 


and dial were in contact. The procedure was then as’ follows: : The spindle 


each dial was adjusted to contact with the lug, each bulb, therefore, being 


1e foun: r lighted. The wheel of a loaded 1 truck was then lifted | by a hydraulic Jack and + 

Ss would - allowed to fall. on the pavement ‘edge « or corner at a point immediately opposite 

er the zero dial, the wheel load and height of drop being varied to represent impact 
Beste. up to such extremes as the slab might be expected to resist without — 


failure. Only such loads and ‘drops were recorded : as caused an impact deflec- 
i. greater | r than that ‘resulting from the load at rest. _ The fact that the drop- 


ping of the wheel extinguished all the lights, with no subsequent ‘flicker, indi- 

‘conclusively that the dials recorded the impact ot deflection only, rather 
than any subsequent vibratory or static load deflection. After the dials werd. 
- read, a gradually increasing | load was applied « at the same point on the pave- 
‘ment, using a ng a hydraulic jack and a -loadometer, until contact again was made 


at the zero dial. . All the dials then were adjusted to contact and readings again 
inves the first set of readings defined the e impact curve, 


the second, a static deflection curve having an equal maximum. 


to temperature effects. Alls such tests, therefore, ‘were made at night during 
“periods of least sub-grade support. ‘resulting from warping of the slabs due to 


change i in temperature, a condition which will be discussed elsewhere. vf ay 


In Fig. 1 are plotted the readings: of the night test that resulted in 
a greatest variance between the impact and atatic deflection curves; the average 


results of these tests show a close coincidence of the two graphs. This may 
re & be appreciated from the ; fact that although a static’ ‘load of 10 000 lb. ». might be be 
necessary ‘to. effect: a pavement deflection sufficient to light the first bulb, yet 7 


an increase of only about 200 Ib. would cause contact at all the remaining dials. >= 
many cases, § several of the would light at the same instant Often 


when the first bulb sh showed contact, a man jumping on the ‘edge of th pave 
ment could make or break contact at all the dials. REE ae ae Pes: 


jis 


The close coincidence of. the impact and static deflection curves im dicates. 


Pony: 


‘that the deflection method i is reasonably reliable. q 


Procedure for I mpact Tests. —As applied to of traffic, the 
method was as follows: A smooth runway consisting of steel plates. was laid 4 


the surface of the pavement near the edge (Fig. 2). loaded truck was 
placed on the shoulder and arranged in such a manner that ¢ a hydraulic jack, “a 


reacting against an -beam, which could be quickly run out from under the 


ruck body, might be ‘used to ‘impose a static load of an required amount at 


‘Tests conducted during daylight hours wer not reliable, owing 
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© point where one wheel of a moving truck would fall from the on of 

nway. An Ames dial with a friction device, arranged to indicate maximum 

deflection, was placed at the edge of the pavement opposite the point Yihere 
the wheel would strike ig. 8). An electric contact and light bulb was 
80 that a subsequent. equal deflection would light the bulb. Electric 
contact. points” at fixed distances on the runway, and a stop-watch, “afforded 
means for determining the speed of the truck. Immediately after the ‘truck 
had passed, the hydraulic jack, together with a weighing device, was swung 


out, and a static load of i increasing ‘amount applied until contact was —— 


DEFLECTIONS OF j 
STATIC AND IMPACT 
"AUGUST 30, 1922 


hes 


in Inch 


Deflection 


7 


from Point of “Appili atio yn, in Feet int 


Assuming that impact static deflection curves are coincident in 


all directions, and assuming also that if the radius of deflection curvature i is 


ica 


at 
of the: static Toad to the 1 moving - wheel bat should represent ‘the correct impact 


Following a series of runs designed to determine this relationship for 


-various speeds and height drop, the ‘truck was, operated in the opposite 
direction so that the impact would be that caused by the wheel mounting ‘the 


Results of I mpact Tests. —Fig. 4 shows the results obtained for wheel loads 


of 4000 Ib., 6.000 Ib., and 8000 Ib., for drops of 4 in, 2 in., and 3 
: ac and for truck speeds varying from about 1 mile per hour to about 20 miles per 


2 


hour. ‘The unsprung weight was constant. Fig. 5 shows the results obtained — 


under similar « conditions, except that the truck moved in the opposite. direction 
0 as to mount the obstruction. The increase in wheel loads was” | effected by 
- placing weights in ‘the body of the truck and, therefore, above the’ springs. a 


Sari 


88 “These Tesults indicate that for all those heights of ‘drop or obstruction 


th amount this reduction in equivale 
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G. aterer Y AND AUXILIARY TRUCK FOR APPLYING EQUIVALENT Static Loap AT 


IMPACT. 


| 


we. 


tinct tendency t to increase with the increase load above the ‘springs. 
is in n all a cases es of dropping Toad and tc and to a Tess degree 


1-in. and 2 


For all 1 heights ef dvop, this results in a “@ lowering ng of the impact factor, that 
is, the ratio of “equiv alent static load to wheel load, as” the load 
springs is increased. 


j 
Ate all speeds, for t the } a. drops and tl the -in. rise with the t truck fully 
the equiv alent static load was less than the static load of the» wheel. 2 For the 
j-in. drops, truck fully loaded, the equivalent static load — less than the 


truck- wheel load until the speed of the ‘truck exceeded about 12 miles per 
hour, and did'n not iner ease e materially for | speeds in excess of 14 miles p per hour; 
8 000-Ib. wheel load was only a a 
little greater than the ‘wheel load itself. “In: mounting t! the + in. . obstruction, the 
critical speed was about | 10 miles } per hour and the equivalent s static load did 
not increase materially for speeds in excess of 14 miles per hour. For the 
drops and rises of greater magnitude, the critical point it was passed at lower 


speeds and the maximum impact effect was much greater. aver 
_ The value of Figs. 4 and 5 as an index of the relative magnitude of i janet 


— 


and static I load stresses ‘depends | on the equality of the shortest radii. of the 


impact and static load deflection ¢ curves. The close ee in 

Fig. 1 seems ‘indicate that. these results are correct. 

La Pr actically all modern. rigid pavement specifications | permit a variation 

from the true surface up in. As such variations are ra arely abrupt, 

would seem that the impact factor is not of sufficient importance to justify — 

any” great precautions design. Accidental obstructions, as loose boards 

ora pavement slab that has heaved, are so unusual ‘as to justify the — 


i WARPING OF oF Ricip PavEMEN1 NGES 

Observed structural failures” of existing tigid pavements s previously 


indicated that corners formed by the intersection of transverse cracks and the 
edge of ‘the slab “were points of: weakness; therefore, such corners, as well : as 
“unbroken edges, were subjected to loads of varying amounts, and a Ki 
made. __ These proceedings soon ‘disclosed the import tant fact that rigid pave- a 
“ment ‘slabs warp seriously, due to changes in air - temperature. Fig. q 
illustrates this for the corner of a 9-in. pavement during a 60-hour period. 
and shows also the deflection of the corner under a load of 6 000 Ib. Sate’ 
at hourly intervals” throughout the e period. ‘Fig. _T plotted - from a 
of simultaneous observations illustrates the warping effect of daily changes" 
oft temperature on various pavement slabs. _ Fig. 8 shows the air temperature, . 
_ and that of the top, mid-depth, and bottom surface of a concrete slab for a 2 day a a 
period. is to be noted that although the temperature of the top sur- 
face varied as widely as that of the air, the temperature of the under surface 4 
Varied only a little. This condition being normal, the expansion ‘and contrac-_ 
tion of the» top surface, due to temperature changes, must inevitably be fol- 


Towed by a “corresponding warping of ‘the slab. Corne warping of as much 
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Speed in | Miles” “per Hour 
> 9 32 18 415 
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degrees Centigrade 
s 8 


Temperatare in 
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CORNER DEFLECTIO is- IN. SLAB =, 
DUE TO TEMPERATURE AND LOAD _ 


7 


Deflection, in inches 


2 


“9 3 6 = 12 6 


ne of Readings 
j slabs 18 ft. wide. These observations, ‘together with 
others relating to sub-grade support, including pressure-cell readings, ‘con 
firmed the belief that rigid pavement slab corners rs frequently may be 


to sustain passing loads while tn as unsupported cantilevers, 


perature in 
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No. 43-7 in. Concrete with : 
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(COMPARISON, 
WARPING OF VARIOUS RIGID SLABS No. 23-3 in. 
brick, 1 in, sand cushion,) 
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INFLUENCE OF THE PosITION or W HEEL Loaps (ON DEFLE TIONS 
To throw further light on the behavior of the edges of rigid pavement | 

‘trucks were driven along completed ‘sections and many observations 


deflections were “made, usin Typical res ults fro such ‘ 
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THERMOGRAPH READINGS. 
SHOWING 
TEMPERATURE VARIATIONS 
IN CONCRETE PAVEMENT 


FEBRUARY | 10. U, 1922, 


Top surface 


9 12 
4 M 
iat in Hours 


series of tests are ‘shown on Fig. 9. The marked contrast of the observa- 


tions represented by Fig. 9 (b) and Fig. 9 (c), vith those of Fig. 9 (4), points 
strongly to the fact that stresses in corners may be greatly reduced if an 
effective method of -doweling is provided. However, unless ‘Means are found 


to prevent transverse cracks, corners may be formed at any point ort the 


perature ‘and by shown by. comparing Fig. 9 (c) Fig. 9 (d), i 
00 
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oe indicated clearly by the observations of Fig. 6, during which the | dowel - 


aa the corner were cut. On the night following the cutting of t the dowels, wha 


the range i in temperature was the same as during the previous 1s day, the + warpi ng 


increased and the deflection under load more than doubled. 


— ‘Attempts were made to obtain deformation ‘readings corresponding | to th 


detection readings recorded in Fig. 9, but nt no extensometer the 

| reduction of corner ‘warping due to the use of a 

7 disclosed by comparing Curves 43 and 44 in Fig. 7, together with a considers: 

tion of the deflection behavior of doweled corners, led to. the addition of See- 


‘fs tions 63 and 63B to the « original list. It was expected - that this use of the 
longitudinal tongue and groove joint with dowel bars across it, would accom 
 plish: First, the prevention of unsightly irregular: longitudinal cracks; set 
ond, the closure of such joint and ‘consequent mutual | support of all interia 
Corners; third, the reduction of warping at the outside edges and corners ti 


= minimum which might be expected i ina half width slab, thus insuring the 


= an continuous 3. -in., round, ‘smooth bar embedded at half the depth off the 
slab ‘and near each edge. was included, i in order that adjacent edge corners 
be ‘more o1 or less. This continuous dowel bar, it 
might be called, was painted and oiled in order to avoid. a concentration a 
tensile stress at cracks and joints during a ‘general drop i in temperature, The 


2 of the bar was presumed to be sufficient to transfer by | hear one- -half 


to the joint might be great to the “grad: 
ually and thus eventually to destroy its usefulness. — ‘Subsequent observations 


maximum possible sub- grade "support during following, a drop 


indicate that 15.000 or 20000 passages of maximum wheel loads along the 


pavement edge iminish the effectiveness of » the bar as a shear member 


ssibl 50 er cent. 3 


Concrete being so generally adaptable for paving purposes, it was 
sidered important to determine its s strength characteristics when subjected to 


practical conditions of traffic. It is : obvious that concrete pavement slabs, o 


—— eonerete b bases carrying other types of wearing surface, are subject to bendint 


stresses. Further, it is questionable e whether reinforcing steel in sufficien 


quantity to relieve the concrete of tensile stresses may be used ‘with economy.§ 


In fact, it was believed that if a safe working stress for concrete in tensio2 


could be « developed, a pavement design i in which the concrete itself. would be 

called on to bear all tensile stresses might prove economical. 
In order to establish such a safe working tensile stress, a was 


devised for applying repeated loads to plain concrete beams (Fig. 


baie: * A preliminary report of this test may be ae in Proceedings, Am. Soc. for Tet 


Ss. 
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data accumulated since this report firm th 


given. The conclusions may be accepted with a resonable of 


ing an ‘debbie: number of repetitions of a load if the tensile fiber stress. 
induced ‘is less than 50% of the modulus of rupture. At the present time 
(December 1, 1923) there are in the fatigue machine test beams that have me 
vithstood without failure about 5000000 repetitions of a load sufficient to ’ 
produce a fiber stress of approximately 50% of the modulus of rupture. _ a 
—(b).—For loads causing fiber stress in excess of 50% of the modulus of 
rupture, the tendency to failure increases rapidly with the increase of this — 
excess of For instance, loads causing fiber’ stresses of about (60% of 


arely 1 more than 
30 000) will cause for stresses: in excess of 10% of the modulus of 


rupture, only a few hundred (rarely more than 5 5 000) are 


10% of the modulus of rupture may be i a as safe for a road slab, ‘will ‘ 
be of great value when analytical methods for computing fiber stresses in all 


pnts of pavement slabs are found. ip 
phenomenon of accelerated failure is also of i importance in inter-— 


preting the behavior of. existing | conere slabs under traffic. For example, a 
Bomer break in a 41 -in. concrete section of the Bates Road, under a 3 500- “ 


wheel Toad, indicated that the at corners ors was subjected to stresses 


ierement, ‘the was inere cased 1.000 ib, or 28 ‘per cent, “tt there 
fore, the 35 500- lb. load caused fiber stresses equal to approximately 50% of f 
the. modulus of rupture, the next increment was imposing stresses: of about 
i8 per cent. The fatigue-test results” indicate that at th this percentage rapid 
failure should follow. proved to be the fact inasmuch as many corners 
of 4-in. slabs were. the progressive destruction was quite rapid. 
Similar phenomena have been noticed in connection with Illinois pavements — _ 
ing service, some of which have withstood normal traffic for a number of years, — 
and then have become seriously damaged by suddenly increased highway 
_ Before any rational method may be developed for determining stresses i 2 
al parts of pavement slabs, the « character of 1 the support afforded by the sub- a 
gtade must be thoroughly Research on this subject by the Illinois 


Highway Department. has. been confined thus far to what t might generally be 


Moisture Content. —It has been fairly well established that the bearing 


the moisture content of ‘the sub- soil are, interest. 


_ Under each e edge « of a 200-ft. section of the Bates Road was laid a s tile. drain “. 


24 in, » below the sub- grade, , the trench back- filled with cinders, and a free out- 
It provided for the tile. _ Moisture ‘samples were e taken from the underlying soil 
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points throughot ut this 200- and from: the adje- 
undrained sla slabs. During a a period of thr three years, no measurable difference 
- in the moisture content of the sub- grade at "these points has been observed. st 
. At another place, on the “Cha tham Road”, where clay of a different character § ta! 
is found, tile drains were laid 4 42 in. under each edge of the pavement for a t 
3 distance of 1000 ft, the trenches back-filled with cinders, and similar extended | 4 th 
_ observations w were made, with results as shown on Fi ig. 12. No attempt is made th 
; to explain why t the 2 soil v underneath the section provided with tile drains ns has § 80) 
‘throughout: the entire period ‘contained more moisture ‘than that under the 
adjacent pavement. Judging: from these two examples in which tile drains it 
_ were of absolutely no » apparent 1 value, it is questionable whether such | attempts 


to control moisture are of any merit whatever in clay ‘soils. 


___| CHATHAM ROAD, ILLINOIS) 

2 | ap 

Jan. | Mar. | Apr. - July 

was found that. both the brown silt loam the Bates tes Road sub-graie arr 

and the yellow clay of the “Chatham Road”, when they have a moisture ber 
tent which may be considered. normal for the summer months, resist further ‘Dor 
mec to a marked degree. i Attempts to saturate the soil underneath the 2 

i. Bates Road failed. Water standing : at -sub-grade elevation for six weeks s during ? 
F 2 summer months did not cause a perceptible rise in the moisture content ap 
of the ‘sub- grade soil ata sampling station 30 in. ‘distant. — Tests now ‘under ere 


way on thirty samples of clay soils, gathered from different points throughout mo 


J the State, indicate that this phenomenon in slightly varying degrees probably to | 
‘Another series of experiments indicate that if the ‘moisture -eontent of 
= es of these clay soils i is reduced 1 to a point where the soil is dry enough iy . 


crumble readily, absorption takes place rapidly, to ‘the point of saturation. 
. These two properties of clay ‘soils may have a marked effect on the sup 
shly laid pavement slab ; for example, 
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"the sec sections of ‘the Bate Bates Road built in the fall of 1920 ) were laid 0 on @ sun- a 
dried grade, as a a rainless period and hot weather had preceded the con- 
struction of the pavement. Ibn October, 1920, the first moisture samples were 
taken from the underlying soil just after a three-day period of rain. At that 
time the sub-grade was found to be as s nearly saturated as it ever became. pi On- o- 
; the other hand, Sections 64 to 68, inclusive, were laid in the fall of 1922, v hin 7 
the sub-grade | soil contained about 25% moisture. _ The e moisture content of the : 
soil under these slabs remained practically constant throughout the winter 
months of 1922-23 and, although | the spring and summer rains were heavy, — 
‘ite continued throughout the summer of 1923, materially below that of the — 
remainder of the road. From this, it may be inferred that for perhaps a - 
period of . year or more after a pavement is laid, the bearing power of a clay _ 
‘sub-grade soil may be affected materially by its moisture content mt the time 


Bearing Power. —Many attempts have been made to the bearing 
power of the ‘sub-grade- soil of the Bates Road, as well as that of other Illinois — 
soils. Ast narrow rural: pavements encourage the p passage of. highway loads 
along fairly definite paths, it was thought necessary to determine the relation-_ a | 

“apparatus was ‘devised, by which 1 repeated loads on a few. square 
could be made with facility. The “use” of this apparatus immediately called 
attention to the excessive depression or permanent deformation caused by the q 


- first few applications of load. ‘After several hundred applications, the soils in 


‘some cases seemed to become more or less stabilized, and to show decided elastic _ 
elieving that the initial excessive depression m might be due poor con-— 
tact between the metal | shoe, used for imposing pressures, 3, and the soil, and 
might | also be affected by the small area under pressure, a number of con- a es 
crete ‘slabs, | in diameter, were ‘east on the sub- grade adjacent: to ‘the 
; edge of the Bates Road. Itw was thought that these slabs would have an initial an 
| bearing on the sub- grade > soil at least as satisfactory as th that of existing pave- 
4 ‘ments, - Repeated loads were applied to these | slabs . Owing to the cumbersome _ 
arrangement of the ay apparatus used, it was not practicable to make large num- L%; 
bers of repetitions during periods while conditions affecting sub-grade sup- i 
port remained constant, i | ‘Fig. 13 shows the results for Slab No. 8 of a series 
of tests which included ten applications of a load of 6 ft. per sq, sq. in. repeated 
six times» with intervening rest periods of 24 hours each. ~The loads were 
‘applied in each case at 15- “min. intervals. The moisture ‘content of the sub- 
grade (26. 8%) may be considered normal for this soil during the early fall — 
months. . The principal points of interest are: _ The permanent depression due a 
to the first Toad ay applied after each period of ‘rest; the recovery of elevation 
during the rest periods; the resultant depression ok’ the end of the third day; oo a 


and the decreased permanent depressions on succeeding days. 


“Fig. 14 shows the effect of another series of load repetitions. The | excessive 
Permanent depression recorded on . February 20, 1922, may be a accounted a 
partly by the increased moisture content, but probably chiefly 
freering and thawing of the soil. may 
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had been and once or twice 20 and March 8. 
All the other slabs used for similar observations behaved i in the same manner, 2 
but in varying degree. - Similar tests now are ¢ being made on m thirty different _ 


usa types « of Illinois sub- grade soils | using an a apparatus that will apply a a large 

number of repeated loads at short intervals on areas of | approximately 7 sq. = 
ih ft. The results of these tests are not sufficiently complete to justify definite 

a conclusions. ‘The present indications, however, “point to th the » probability that 

ce | none of the clay soils exhibits ‘sufficiently uniform 1 elastic properties to justify 

an assumption of elastic sub- grade supporting ‘power for use in a ‘design for. 
Iti is certain that for purposes of pavement it is not safe to place 
oe reliance on a _bearing-power test involving. only a single application of load. . 
or Truck TraFFic Tests ON THE Barzs Road 

‘The entire Bates Road was laid out on a tangent. ‘The artificial truck 
‘_— traffic consisted of Liberty B trucks driven west along t the north side, and east i 4 
along the st south side. Inasmuch as the probability of edge ge weakness had heen 
Sal established, the | east- bound traffic was made to follow a guide line painted on 3 
the pavement: surface so as to bring the path of the center of the outer 

wheels 6 in. from the pavement edge. he edge of these > wheels 
practically flush with the edge of the pavement on all sections, except those 

having a -macadam base. The _west-bound “traffic was likewise guided, 

ft path being parallel to and 36 i in. from - the. north edge of the pavement, except _ 
bt on the macadam base sections, On the sections having macadam bases, the 

wheels of both west-b: -bound and east-bound traffic t traveled about 18 18 in. 

2 stat the edge of the | ‘pavement. The operation of the e west-bound traffic v was intended _ 

to approximate conditions that normally ron wide rural pave: 

Table 2 will be found details of the aid number of round 

An attempt to give complete details of the behavior under truck traffic 

of each of the sections, or even of each of the groups of sections, would be 
impracticable. Only the characteristics believed to be of the greatest impor- 
tance as affecting principles of design will be discussed. 
to Brick and Asphaltic Wearing Surfaces on “Macadam Base.—Fig. 15 
typical of a large series of cross- -sections taken as the traffic los 
gressed, at many points along the macadam tase sections having a brick wear- 


ing ‘surface, The last cross- -section indicates the condition of the test n+ gd 


sete when failure had progressed ‘to ‘such an extent that the ‘section could - no 
bal longer be considered as representing a serviceable highway. 


Fig. 16 is typical of a large series of macadam base, asphaltic concrete 
top, -CToss- -sections, ‘illustrating the particular section of this type whic ch proved * 
most. satisfactory. Other tests: ‘illustrated the fact, that an increase of total 


thickness is not “necessarily a direct measure of serviceabilit truck 


— 
trey excessive depressions were also recorded on March 8, at which time the mois- _ 1 a 
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oe |e TRIPs FOR EACH INCREMENT OF LoaDING. 
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& General 2 Results of Tests on dam Base Sections. —In general, the fail- 
of all macadam base the form of rutting along the 
paths (Fig. 11). In the better sections having an asphaltic concrete top, the 
serious rate. were not alw: ‘ays continuous, but sometimes took the form of 

gated depressions. The full s series of cross- -sections indicates the probability 


a 


et the entire surface may, during the | test, have changed in elevation due to | 


al shrinking of the sub- grade. _ The Fact, ‘that the sub: 


Ne a progressive ‘permanent of the sub-grade the 


a It seems justifiable to aaa that none of the surfaces reduced the pres 


4 ; sure transmitted to the sub- grade e sufficiently to render harmless the progressive 
depression or flow of the ‘sub- grade soil under the loads applied. 


is worthy of note that the traffic was purposely confined to. well defined 
: a paths. ‘Experience indicates that on rural pavements of the common width 
oo used for a double line of traffic and where the traffic is sufficiently continuot* 


to cause vehicles to keep habitually to one ‘side of ‘the ‘road, fairly definite 
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lanes inevitably will be followed. _ Evidently, in pavements s of this type, it 3 is 


necessary. to use thicknesses or other factors of design adapted to reduce the 


peessure on the grade soil to ‘that ‘which it will bear material 
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vould be pound incre eased if they were e built Ww ride enough to avoid the neces- i ‘ 


sity of vehicles” following ‘definite wheel paths. Under conditions favoring 


the spreading of traffic, a “depression caused by one load would be filled sooner | 


or later by the flow of soil from an adjacent wheel path. 


Pressure- cell readings 1 under the section having a 10-in. ‘macadam base and 
din, Topeka top are of decided interest. es 4-ton wheel load standing over a 
pressure cell of this section before: the truck traffic was started resulted in a 


= 


of about 12 Ib. sq. in. . After 1 000 round trips had been “made 


tr rucks, the ‘reading had inereased to about 26 per sq. in. 
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secured rolling courses. ‘The | suggestion isn that a 
bituminous binder would help counteract this effect. 
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pa SECTION NO. 8 IN, TOPEKA BINDER — 5 IN. MACADAM BASE 


Concrete on Concrete Base.—Almost invariably the failures 
., this type started by breaking a small corner involving an area of onl 
9 2 or 3 sq. ft. _ Subsequent loads, because of the excessive bearing pressur, 
caused a depression of the broken corner. This resulted in excessive impact 
; on the depressed corner itself and on the edge of the adjacent ‘unbroken ‘slab 
ea ee the truck wheels mounted it. The progressive breaking « down of the pave 
"ment in the direction of the flow of traffic followed as a logical sequence. Dis 
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integration often occurred in the reverse direction. All sections sel this type 


were provided with an integral, conerete curb equal to the thickness « of the — 
asphaltic top. In addition to corner breakage, -eracks through the » curb, extend- 
ing to the bottom surface of the slab, were frequently observed. Whether Be 
or not. these curb racks ‘represented transverse cracks ‘extending across the 


entire width of the pavement could not be determined . The plotted points fs 


bane, thicknesses for various types ‘of ‘construction. curve ‘passes: 

This formula is evolved from the well known equation, ascump- 


tions being as follows: That the load, Ww, is applied at he extreme point of a 


right-angled corner. formed by the intersection of an open transverse crack or : 
joint with the edge of the pav ement slab; ‘that the corner is entirely | “unsup-- 
ported by the sub- grade and, therefore, ‘acts as a simple cantilever; and that fiber 


stresses are uniform on any section meena to a line bi- secting the’ corner angle. 


The average modulus of rupture of the test specimens corresponding with that 


particular concrete slab being substituted for S, the v alue of W should repre- 


sent, under the conditions assumed, the theoretical breaking load. ice 


These diagrams indicate that ‘the when used in connection with 


, it was distinetly noticeable that, in all paving sections of this type, t 


initial corner break was not immediately followed by ‘rapid progressive destrv vi 
tion. No doubt, this sey be attributed to the fact that the asphaltic atk 


failure of sections ‘ef this type was of much is i same ‘character as in the 
Failure 


group of sections having an asphaltic ¢ concrete top on # concrete base. 
always started a south ‘side « corner. Progressive failure’ after the initial 


10n.— 


the initial corner failure of all sections of this type, the ‘ordinates 


in this case being the total thickness of the pavement. In a true monolith, the 


total thickness should be a measure of strength. . Inasmuch as failure was— 


es b loads much less than those which might be expected a 


nally 
hat a 
i 
im 
— 
| — 
| 
> a 
| 
= integral curb having a depth equal to the combined thickness of the brick sur- , — 
facing and the sand ‘The thickness used in plotting Fig. 17 (b) does 
not take into account the presence of thecurb, = 
Monolithic Brick—The term monolithic brick is applied to all sections § 
Failures ving a brick surface laid on a fresh concrete base, the cement grout joint — 
fal y filler being poured in as far as possible before the base concrete had attained om “a . 
. cS 
en slab 
e, Dis ‘aused In all cas 
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“load, the brick surfacing became from base 


_ seemed to indicate that the pavement was ‘acting: as two separate slabs 


‘Sather than as a monolith. © In Fig. 17 (d), abscissas were used which represent 


‘the thickness of a concrete slab computed as having transverse ‘strength equal 
to the transverse strength of | two superimposed independent slabs, each assumed 


3 to have a modulus of rupture equal t to that of the test ‘specimens ‘east at the 
_ time the base was poured and a thickness equal to that of tl the top and base 
courses. by. It is is noticeable that by the use of this method for computing break. 


ing loads, : a reasonable agreement between the actual and theoretical failure 

~ Concrete Sections—In Fig. 17 (e), the plotted points sl ‘show the loads 


causing critical corner r failure in all plain concrete sections, and in sections 
considered : as equiv alent plain concrete. These ‘points include two sec: 
> one plain concrete, to which had been added 10% of hydrated lime; 2 and 
“two sections containing 42-Ib. wire ‘mesh’ placed at about the neutral axis, 
the quantity: and location of the steel in these sections, ‘it would 


afford little, if any, _ relief of tensile stresses in the concrete, tt 


ds 


se Fig. 17 (f) are shown the loads. causing critical corner failure in all 


concrete sections which were provided | with transverse joints | ‘spaced at 25-ft. 


inter ‘vals. These joints were | formed by or dinary corrugated metal sheets | placed 


on edge, ‘the corrugations: running horizontally. The concrete was poured 
against these metal sheets, no provision being made for « ‘expansion. ° This con- 
struction merely resulted in a transverse ¢ crack having a corrugated cross: 


tin fe he inclusion of these test sections was based on ‘the assumption that 


reaking Load, in Thousands of Poun 


Br 


possible intermediate transverse cracks would not be formed; that contraction 
would occur only at the joints; and that, because of the corrugations, ‘more oF 


less mutual support would be afforded by adjacent slabs, thus making cornet 
All the plotted points in ws, diagra am | represent sections 


points indicates. that the "presence of, ‘the: transverse corrugated joints had 
little effect in increasing resistance ta, structural failure. 
te Iti is worthy of note that two plain concrete sections, divided also by trans- 


verse joints s of the same type > and spacing, but having no marginal reinforcing 


tm of Pounds 


; bars, w ithstood the entire traffic tests without failure | although the thickness 
yh owas 7 in. and 8 in., , respectively. . From this, it may be inferred that the “use 
In Fi ig. 17 the plotted points the loads causing critical comet 


res it 


position relative to the curve determined by the formula, D 5 (using for 


7 the average modulus of rupture of all test specimens), as they appear i in Fig. 
 W(@)to¢). hh In this diagram, attention is called to the grouping of the plotted 


points about the curve representing the theoretical breaking load as ‘determined 
® the formula given. It will be noted that me lower curve, in which sal of 


se sections is of interest. At many 
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Monolithic Brick 
Load causing critical break plotted againet a 
~ | thickness of concrete bavingthesame strength} 
ry] a8 two independert superimposed layers equal 
to the top and base thickness: respectively, 
Equivalent Thickness = 
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average modulus of rupture of all sections, as they occur 
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RELATION OF PAVEMENT THICKNESS 
TO LOAD CAUSING CORNER BREAK 
FOR VARIOUS TYPES OF PAVEMENTS 


Notation ; 
d = tnickness of pavement at base 
W = breaking load, applied at outer corner | 

S = Modulus of Rupture from test of ne: 
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pture was used, gives safe values for all cases causing critica 


ail 


i, The § grouping of the points about 1 the t theoretical breaking load curve ‘indi | 
ede of f. ilure thi 
: a ‘eates also that - fatigue effect was not a pre ominant cause of failure in this 


ae f test. To have operated the trucks a sufficient number of times and with | suf 
o ciently small increases in load to bring out the the fatigue effect, would have been 


= | an endless task. The increments of load were no doubt great enough i in _ mod 
4 _ cases to increase the fiber stress: from that which would be safe, as far : 8 


fatigue is concerned, to a . figure which would result in breakage under com 


4 paratively few of load. Figs. 18 19, and 20. — 

GTHENED 

As previously indicated, Sections 1 63, inclusive, were completed in 


spring of 1921, and tl the traffic tests started in 1922. On the completion of the 


= traffic runs of 1922, it , was evident that a further mi modification of design woul 
7 ‘result in both inereased service and economy of cc construction. The weaknes 
along the edge, so apparent, suggested the necessity for a radical strengthening 
4 pangs point in order that the > pavement might offer @ more uniform resist 
“ance to fracture. The 1922 traffic runs 8 showed that. Section 63, having the 
edge- bar and doweled tongue- -and-groove center joint, would be 
x likely 1 under further loading to show indications of edge weakness, inasmuch 38 
after the 7 passage 0: of many loads | along the south edge the he deflection of adja- 
corners was not equal ‘when wheel loads” approached and passed the joint. 
_ This was interpreted as an evidence of failure of the concrete above and belov 
+ the si side bar due to excessive bearing pressures. It t also seemed clear that, even J 
assuming a perfect transfer of shear ‘across transverse cracks at corners, the | 
corner or edge strength would still be lemons n that of the ‘mid-portion of 
New Designs a 4 fall of 1922, an extension 
of about 350 ft. (called Sinton, 64), was ‘added to Section 63, and four addi- | 
i = tional sections 5 were built, each about t 850 ft. long. In each of these four set 
a tions, the edge ‘thickness 1 was increased to 9 in., tapering to the thickness of 
Bae: Pe the mid-portion at a a distance of 2 ft. from the edge; the same type of center | 
joint and the same arrangement of embedded steel was used as in § Sections 63 
ES and 64. In two of the slabs, the ‘mid- thickness was made 6 in., one of these | 
slabs being 20 ft. wide instead of the standard 18 ft. C One 20-ft. ahb-w ‘was pro 
vided with a mid-portion thickness of 5 in.; and one of 18- ft. width v was built 
In the spring of 1923, traffic tests. were resumed. The loading on these set 


= tions started with 6 500 Ib. on each rear wheel, under which condition 3 000 round 
were made, then increasing to to 8 000 Tb.—the legal’ load Timit—with 


portions with each increment. in previous traffic runs, the 
+ wheel path along the south side: of the pavement imposed the loads practically 


on the edge of all these ‘slabs, except those having the 20- ft. w 
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19.—EARLY STAGES OF PROGRESSIVE CORNER BREAK. 
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—-20-ft. sections, the center of the wheel path was 1 ft. 6 i in. from the edge of the 
Pere 


« of | Tests.—In Fig. Lis shown @ Cross-sec tion of Section 64 and 


record of the | damage caused | to > this section by the e traffic, In this, and in 
the succeeding diagrams, ‘the dotted lines show contraction and check cracks, — 
the solid straight lines show longitudinal and t1 transverse construction joints, 

and th the > irregular: solid lines show caused by traffic. Obviously, the 
comer : break at A was due to faulty ¢ construction, the double cor corner break at B, . 
to a normal structural failure, ‘and the transy nota git cracks lettered C to traffic 7 

rather than to temperature | contraction. 
will be 1 noted that ‘the broken corners at A and B withstood extensive 
heavy traffic before they became ‘pulverized, and thi that ven at the end of the a 


test they had not ‘suffered se serious pr gressive » failure. This i is attributed to the 


diately depressed, thus relieving temporarily the e excessive impact, , which, under 
prolonged traffic, ly Q 
7 | “Fig. 22 shows in the same way the effect of truck traffic on Section 65. 
‘The letters, . AA, indicate the location of very short cracks that appeared early 
but showed no extension as the loading continued. The letters, BB, indicate 
“transverse cracks caused by traffic. At the end of the tests, this section was 
“not damaged in any way that would cause interference with traffic service or 


increase the maintenance 


Section 65 withstood the traffic test better than Section 64, as no failure 
“of the nature indicated at Point B in Section. 64 ‘occurred to jeopardize the 
service value. A pavement of the design shown by Section 65 represents 
195.5 cu. yd. less concrete per mile than that of Section 64. 
‘Fig. 23 shows similar information for Section 66, _ which has the same 1e type 
of cross-section as Section 65, the width, however, being 20 ft. _ The number of 
cubic yards of concrete per mile is the same as for Section! 64. A consid- 
“erable number of shrinkage or check cracks appeared in this section immedi- 7 
‘ ately after the slab was laid and before _ traffic loading was started. Most of 
these cracks were only discernible on very careful inspection. a short — 
tudinal crack started at A, but did not progress throughout 1 the test. . The some- 
what diagonal transverse crack shown at B did not result in the destruction 
of the pavement b between the crack and the end of the section, the area of this 
part ev idently not being sufficiently ‘small to cause an abnormal increase ¢ of 
pressure on the sub-grade soil. 


of 9 in. 1. tapering to 5 in. ata ‘point 2 ft. from the the 
Portion of the slab having a . uniform thickness of 5 in. A considerable nae 
of check cracks appeared in this section also. A short longitudinal 
appear ed at A which did not progress. A of cracks appeared 
“under traffic. 3 _ At the end of the traffic test, this section also remained in perfect — 
“condition as far as service to traffic is concerned; and no — ‘occurred 


which we would cause maintenance cost. 
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- Section 68, show n in J Fig. 25, is worthy 0 of special n note. . Th ™ width of inte 


"section is 18 ft ., the edge thickness 9 in. tapering to 43 in. at a a point 2 ft. from 
the ‘edge, the mid-thickness being uniformly 43 in. Transverse cracks appeared 
- early i in the test run. Short transverse cracks appeared at B close to the con- 
_ struction joint, and soon also cracks approximately parallel to the edge, joining 
- transverse cracks. At / A, a number of transverse eracks formed, beginning 
t the edge and ru ining part way toward the center joint. At D, and at another 
oint along the south edge, similar cracks ay ppeared, — _ Throughout the traffic 
nsverse cracks at A did not 1 result i in complete -destruetion 


test, however, 
A complete destruction of the e edge occurred, which later 


sot 
e tran 
At B, 
destr 
mar 


of this area. the ec 
. resulted in in ea uct ion of a considerable area of the mid- portion of the 
slab. At points 1 irked, "breakage started in the mid- -portion of t the slab, 
and developed to a marked extent. ‘he character of t the damage occurring at 
i Points B and C seems to indicate that | the 1 resistance to structural failure of 
- section was about the same along the edge as throughout the mid- “portion. 
No doubt the longitudinal edge aided materially in preventing « ae 
along the edges at Points / A, B, ,and D. 
_ It is unfortunate that a larger number of sections, , designed to develop ssl 
Ss a proper balance of of edge and mid- “portion strength were not con: 
structed. | ‘By way of contrast with the behavior of Sections 64 to 68, inclusive, 
that of Section 54 which was subjected only to the 1922 traffic run is shown i in 
| “Bis 26, this s being typical of all sections lacking effective provisions for i increas- 
ng edge strength. At the end ¢ of 3000 round trips of the 5 500- lb. wheel Joad, 
ai stinct | corner breaks appeared at A. These co corners pulverized under the 
500-Ib. wheel load and progressive disintegration <<? led to the destruction 
the e section under the 8 000- Ib. wheel load 


pav traveling a uniform distance 


‘of 36 | in. from the edge of the slab, caused practically no damage to any of the 
‘test ‘sections, although t the inner wheels traveled immediately adjacent to ‘he 


vie In rigid sections (with the | exception of Section 68), where ev ventually + the 
_ entire width was destroyed, the damage always started at the south edge of the 


ee and progressed across the slab. This fact indicates i in a a striking 
- manner that if unsupported edges can be a avoided, ¢ or if such edges are properly 


‘strengthened, the mid-portion of paving slabs may safely be built thinner than 


It is believed that local sub- -grade w oie, such as settlements and 
regularities | of supporting power, are always likely to exist “at sufficiently 


frequent intervals to permit the formation of transverse -eracks unless the 


_ joint spacing is made considerably less than in present practice. _ Tf this be true, 
it would appear that exposed d edges of all pavement slabs should be thickened, ot 
= continuously. str rengthened, 80 so that the occurrence of transverse racks 

ould not result i in weak corners. 
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‘in the Ss should be. 


= 
greater than one-half of the rupture of the used. is 
suggested that this thickness should be maintained for a distance of at least 
2 ft. from the edge and then decreased i in another 2 ft. to the mid-portion thick- — 
ness, ‘imasmuch as initial corner breaks rarely extend ; more than 2 ft. from the 
No very definite conclusions may be drawn as to the necessary’ thickness 
the mid-portion of the slab. It is suggested that inasmuch as deflection meas- — 
urements indicate ‘that the deflection of the ‘mid-portion of | slabs s of uniform 
thickness is about one-third of that at the edge, the mid- -portion thickness might | 
tentatively be made such that the transverse strength calculated as a a beam be 


vopegpends that of the edge. \ om mid- -portion thi thickness obtained by the formula 


d= 


—, would provide a _ mid- thickness corresponding with oe of 


68 which showed a fairly even balance of edge and mid- -portion ‘iain sup- 


porting capacity. As the design of this: one section only, ‘conformed with this 
provision, this me thod. of determining mid-portion thickness is advanced merely 


as a suggestion. The behavior of Section 67 seems to to indicate that the mid-- > 
in 


portion of : a concrete pavement may be made as thin as 5 in., and yet sustain 


j wheel loads amounting to at least 8 000 Ib. with a reasonable factor of safety. 


Contact of Pavement and Sub-Grade. —The special in vestigations relating 
to grade depression load indicate that under rigid pavement slabs, as 


well as un 


der so- -called flexible types, distinct ruts may be formed in ‘the: ub 
grade if the y wheel paths follow fairly definite lines. — _ This was shown clearly ; > 
during the traffic tests | on Bates Road, especially along the south | edge, —_ 


numerous shallow | excavations were made for the purpose of observing the 
LAME 


contact between the bottom of the slab and the sub- grade ¢ as the trucks s passed. 
Even « at mid-day, when the edges of the slab were warped downward the'indal = 
mum amount, the bottom surface of the slab at the edge never appeared to be in 


contact with the sub- grade except t when deflected by the passing of a heavy wheel | 


load. At night, this condition was pronounced, A similar state of affairs in 


all probability existed under the wheel path on the north side, although this — eS 


Moisture —Many clay soils dry, readily take u up sufficient moisture to 


cause a high degree | of saturation, but absorb water slowly when - moist; ; hence, 
sub- -grades of dry clay should be moistened to a considerable depth by sprinkling x 
before a pavement is laid. If the construction is ona dry clay soil, excessive 


stturation and minimum bearing values” may occur before the concrete has 


op 


Edges and Joints. —A longitudinal tongue-and groove- -doweled. center joint 
in an 18- ft. pavement is apparently « effective in preventing Poles. cracks 


48 well as temperature the three 
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"about 15 1 500 miles of I Illinois rural | pavements. — been built y with this s type « of 


, and no ‘longitudinal -eracks have appear to date. ‘The corners: 


formed : at the intersection of transverse joints or cracks: with the center joint 
— didx not appear: to be points of weakness in the Bates Road. |‘ This was no doubt 
due chiefly ‘to the effectiveness of the tongue- and- “groove joint in transmitting 

by shear one- -half of the loads to the adjacent 


Longitudinal contraction ‘cold weather must always result im: oped 
-eracks or Joints in rigid pavements, using wearing 
Hage « corners, therefore, must either be effectiv had 


in order to provide for corners formed by unexpected transverse cracks 
and should have bearing area to n minimize bearing on the: 


concrete poor ‘and bituminous filled brick 


do not add d materially te ‘to the stre ngth of the base, but by lessening excessive 


impact ‘at small broken corners, they ¢ give considerably increased resistance to. 


_ Continuous longitudinal shear bars along g the edges of concrete slabs aid 


™ erially in the mutual “support of the adjacent edge corners for a more or 
ss prolonged period, depending on the volume of traffic, and, in addition, are 


of marked advantage i in pr eventing F rapid prog! ressive destruction in case corner 


= _ Any design in w hich reinforcing ¢ steel is expected to relieve the concrete of 


all tensile stresses should take into account the possible formation of corners 
any point along the edge of the slab. 
Impact. —An examination of Fig. 17 indicates, by the relative position of 


the points representing initial str uetural failure and the breaking load curves 


based on static loads, that, in the | test road, either impact: was not an impor tant 
factor in causing initial failure, or the increase of stress | due to impact was 
very” closely counterbalanced by some other factor. hese diagr ams also” show 
‘that, in all probability, the strength of pavement. slabs i in service varies as ‘the: 


square ¢ of the thickness. _ Impaet stresses are presumably directly i in ‘proportion 
to.the thickness. . therefore, impact ‘was, an important factor, the plotted 
"points in. the ‘diagrams mentioned should fall at least approximately along a 


‘These « considerations, strengthened impact deflection investigations 


previously described, lead to the belief that n no, allowance for impact. need be 
made i in the design of | a pavement the nature of which 1 ‘makes ‘practicable the 


construction and maintenance of a ‘reasonably smooth surface. 


Future Research.— —The development of instruments suitable for determin- 
ing fiber in the surface of the pavement. under traffic would aid 


greatly in a better ‘understanding of stress distribution as well as magnitude. 
Ue 


Progress ir in the design of. such a device i is being made by the U. Ss. Bureau 0 


Public Roads. The development and use of this sort of instrument is excep 


‘tionally difficult, owing to the tant that the gauge length must be short, 
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‘than 0.001 in. recorded with accurac 
In view of the vast expenditures annually being, made, for _paved 


) doubt: the e lack of m more osenplons scientific know ledge of pavement design i isa a 


nitting © to engineers which should be answered as soon as poate by: intense research 
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STANDISH 


L. Harza,t Am. M. Soo. ©. (by letter). +—The he writer has read with 


~ much interest Mr. Noetzli’s paper and the discussions on multiple- -arch dams, 
In the abstract, a multiple-arch dam is an ideal type of structure, and it is 
hoped that its design | will be rapidly developed such that it will be understood 


“sufficiently to gain consideration wherever | it is applicable and economically 


Concrete is a material primarily to withstand compressive stresses 


and i in the ideal multiple- arch dam all the material i is in compression. In a 
; gravity dam, much of the eoncrete has no value « except weight, and concrete is 
_ expensive material for furnishing weight alone. A gravity dam judged from 
“this point of view is is, therefore, an uneconomical structure. 
cd's If every cubic ya yard of concrete in a a multiple- arch dam is used to its full 
capacity - in taking compressive stresses, and if these stresses are no greater 


than those which would be taken by the concrete in a gravity dam along the 


down- stream face where the compression is greatest, the reason the economy 
designing so that all the concrete > will “be instead of ‘aerely a small 
-_ proportion of it ‘along the down-stream face. , might | also be argued that to 
have all the concrete active to its full working compressive strength i is as safe 


= to have only a small part of it in action, and ‘that by so doing the factor of 


A 


The multiple- arch dam, however, introduces , other ne new problems of design, 


- which must be solved before it can be considered as safe as a gravity dam. 


. - Most of these questions, such as effect of temperature changes, arch shortening, 


4 ete., have been fully covered by the author and other discussors. a | 


Phe writer will emphasize ‘some o other points which, perhaps, have not 
"adil their full share of importance ‘in the | paper ae he the discussions. 
oe He questions whether a a multiple- arch dam is ever justified | on a yielding 
foundation, e even if the engineer believes the design is such that ‘no irregular 
es settlement will occur”, as referred to by the a author. It is impossible to be 
certain that a fc foundation will yield uniformly, and a very small “unequal 

3 settlement of the buttresses of a multiple- ‘arch dam might introduce stresses 
in the arches far in excess of those due to temperature or arch shortening, and 
a of unknown direction and “magnitude. Ona yielding foundation, the flat- 


% slab type of hollow dam ‘seems to offer. advantages i in that the buttresses might 


se * Discussion on the paper by Fred A. Noetzli, Assoc. M. Am. Soc. C. E., continued from 


= + Cons, Hydro-Blec. and Hydr. Chicago, 
t Recelyed by the Secretary, November 23, 1923 
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settle unequally without “seriously « changing the stresses in in the facing slab. 


type of dam i is, however, not applicable to heights. as great as the -- 


i The author has s referred to the advantage of of having the buttresses desi 


so that in case of the failure of one arch the thrust of the adjacent arches 


would not overturn the two buttresses subjected to unequal thrust. The 
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writer | does not think there is any merit in this feature of the author's 
design. He cannot conceive of the possibility of these two buttresses re remaining 

"intact i in case of a failure of the arch. If the reservoir was filled at the im 

of failure, t the depth of the water in the opening caused by the wrecked arch : 

- would be a about two- thirds of that in 1 the reservoir, and the “two adjacent 
buttresses would be subjected to a lateral hydrostatic pressure which no 


- possible economical design could be made to withstand. — “sd is not a serious 


_ criticism, however, as no o dam should be designed t to ) fail. 


“that the intrados of the arches be kept uniform from bottom to top of ie 

dam. cost of a multiple- -arch dam is largely influenced by cost of forms. a 
F or a high dam, such as that proposed by the author, with arch spans of 60 ft. _ ae 
or ‘more, the cost of arch centering or ‘forms supported from the ground would | 


almost _ The of the arch to high | 


‘or a 50 or ft. span, these trusses 
carry and would to be built of steel. To vary the 
- span of the arch would almost prohibit the practical use of this type of dam. ie 

adie There are. three ways i in which the arch spans and the intrados| inlbe 
“kept, constant: (1) By battering the buttresses on the inside surfaces of the 

exterior walls, instead of. on the outside, as shown by the author’s design for 
“the: Paradise Verde Dam, keeping the exterior faces of the buttresses parallel 
from top to bottom ; (2) by using diverging buttresses, shown | by the — 
with the divergence ¢ chosen to compensate for the batter; and (3). by curving 

~ the dam ‘up stream sv sufficiently to cause the spacing x of the buttresses at. the 5 
Best stream toe to equal that at the crest. | This: last method would not be | gen- 

There i is another important element. of weakness to be guarded against in 


- the multiple- arch or in any hollow dam, as compared with the gravity dam, 
is, the inherent uncertainty of concrete. Engineers who perfunetorily 
- specify a1:2:4,ora 1:3:5,or other similar mixtures of concrete are abn 
under a false sense of ‘seourity in thinking that specification of this type 
much bearing on the quality of The more concrete the writer 

- builds and tests, first from theoretical proportions, then from the material as cae 


in the forms, the more he is inclined to believe that ‘good concrete is prin- 

cipally dependent on good workmanship. example, the designing engineer 

"may add a large excess of cement. to the concrete mixture and the a | 


~ by careless handling, excess water, and segregation during tr ransportation and >, 


discharged from the mixer, a and lastly from the material as finally deposited 
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th in ‘the forms, can | lower the ‘theoretical strength of the conerete far mor 
than was added by surplus cement. “Engineers are just beginning to 


_ build dependable concrete ; only - within the last few years has: the 


effect of ‘surplus water and other conditions, which the concrete is” very 


ol The writer is of the opinion, | , therefore, that a ‘multiple-s -arch shoul 


designed with conservative unit stresses: and, perhaps, be built | by fore: 


account ‘under the direct supervision of the designing engineer who appre 


 giates the importance of good concrete, because control of the quality of 
 eontract work sufficiently the rigid requirements of this type of 


structure is difficult to realize. 
Failures of f reinforced concrete structures have attended the development 


the art throughout its history, they are becoming 


failures do little harm ‘and are soon 1 forgotten. As ‘the ofa 


gt dam, however, usually results in a great catastrophe, safety i is demanded. — and 
The w riter believes there is much merit in the author’s type | of hells 


buttress. It is undoubtedly the most stable form of buttress for a given 
quantity o of conerete, the most economical section of high structure | for resisting 
unequal, lateral ‘stresses, and offers possibilities of gr great! ‘improved architec 


tural treatment over a thin buttress with its multiplicity of bracing. — 


a spaces and interior surfaces of buttresses ‘are much more cheaply 
constructed than lateral ribs or other | irregularities | on the exterior surfaces. 
Internal cavities can be formed with the roughest. and cheapest of lumber 


deft in 1 place, if desirable, whereas external irregularities, such as a8 ribs, woul 


ti on to ing w veaker structurally ‘against ‘lateral, deflastion, ion the H.-sectio 


The writer recently investigated the possibility of using a multiple- -arch 
; dam, about 270 ft. high, at a site where | the cost of a gravity concrete dam | 
would | have defeated the project economically. The he local conditions were 
as to require the excavation of a quantity of rock for a flood channel 


mole 


sufficient to build a rock-fill dam. Ity was felt that a rock- fill dam with ample 
conserv ative slopes, and highly reinforced concrete sheet on the 
 up- -stream face could be relied on with « confidence and could be built for less 


a ‘than the multiple- arch dam. The result was a decision in favor of 8 rock: il 


‘connection with ‘this project, Ing. Se menza, of 


“reported on the extent to which the multiple-arch dam has been built i in Italy, 
“as this type has received more favorable consideration ‘there than in any’ other 


“Tt was found that no dams of importance had yet been completed | 


in 1928), the most important one of which information is available being 
fee “only 69 ft. high, considerably less than existing dams in this” country. 


a “chief ‘available information on “each important Italian dam now inder’ con 
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far mor The Tirso Dam* ‘ini Sardinia.—This dam was the furthest adv ane 


and since the report was made, has been com completed and has been in “quite 
‘has the successful operation for several months ke ‘It has a length of 740 ft., and the 


, is verry span of each arch is 49 ft. Its maximum height is 208 ft., and it has a 
Bin. iy maximum head of 198 ft. The buttresses are of rubble masonry and the arches 


In the electrification program of the State ‘Railways, there are now two : 


“dams under construction for storage or power Purposes, one at Pavana and 


one” at Castrola, and another dam, the Suviana, is projected by the same 


force 


appre: 
tality’ of 


The Pavana Dam.— “This structure has a maximum height of 154 ‘ft, and 
"ae water head of 148 ft. . Iti is 394 ft . long, 3 and the inclination of ‘the axis of 
the arches to the horizon is 60 degrees. 

These The Castrola Dam. —The maximum h height of this dam is 226 with a 
a ‘we ; “head of water of 218 ft. ft. ‘There are eleven arches and the dam i is 680 ft. Tong, 

f holler The Suviana Dam. —This « dam is not yet under » but it will 

1 
a "have a a height of 279 ft. ft., a head of 262 ft., , and a length of crest 
archi The regulations of the State Railw: ays Department, , which i is building these 
three dams, call for a factor of. safety of 8 in concrete, Ww which is higher 

that recommended by the author. this factor of safety is considered. to be 
by | ia high, the opinion is. not unanimous in the Italian State Rail- 
surfaces. 


Department in regard to continuing its use, as it largely reduces. 


economic advantage of this type of dam over the ordinary ¢ gravity dam. 
on Other projected Italian dams of multiple-arch type are the Gleno, (165 ft. = i 


lumber 


in addi- _ 
high; the Val Tidone, 181 ft. high; and the Val d’Arda, 138 ft. high. At least 
ten ‘other multiple: arch dams of lesser importance are e also said to be projected 
Italian practice of the rubble masonry buttresses is probably best 
an suited to conditions in that country because of the experience | of Italian laborers” 
i in laying this kind of masonry, but it does not indicate that this type of but- 
tress would be economical under r American labor conditions. 
The Italian engineers, at least those charge of the State “Railways 
dlectrification, seem to have satisfied themselves of the safety and economy of 
rock-fil type of dam, as shown by the fact that they already have under « construc- 
ee) - tion and projected three dams, two of which will be the highest of this type a 


in the world. This program of high dams was launched w without the experi-| 

- ence 0 or precedent of a single completed « dam of comparable magnitude to guide 


n Italy, 


ry other 
al = The multiple- arch dam is distinctly a problem of structural edi. 
After the assumptions are made, it pee fis yields as closely. to ‘mathematical 


= as most structures. The assumptions can be be made with accuracy as = 
as that for the poe: of a gravity dam, and probably much greater, for 
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‘DISC CUSSIO 3 ON IMPROVED ‘TYPE or MULTIPLE- ARC H CH DAMS 


The author deserves credit for a distinct contribution to the ancemer 


of this typ pe of dam and its application to higher heads. see will 7 


CL. STANDISH Hav L,* Assoc. M Soc. 0.E. (by, letter) 4+—The author has 


es olved the problem of. proper stiffening - for the buttress walls of multiple-a arc 


economical for dams of moderate height. 


2 saya aah by the use of either the single or multiple- arch type 


“Many of these innovations fe gi safe and conservative, and it is hoped that 


tion. How ever, 


- more and more in the hands of Federal or State made becomes v very 
a 4 difficult to introduce innovations in design, because, as a rule, these bodies are 


_ultra-conservative Unsafe designs should be but of 

rem it often happens i in the ease of arch dam design, where the approval of both 


essa that, after the require: 
mente both of thee pr are satisfied, the cost is increased by 
a hist" base and the top, or by ‘carrying the abutments farther into the 


rock, that it is cheaper to build a structure of gravity type i ee 


= _ {nS trace of this conservatism is brought out by the author i in reference to the 


_ = * design of the Horseshoe Multiple- Arch Dam on the Rio Verde, where the United 
4 States Reclamation Service required that the sliding factor between buttresses ; 
7 and bed-rock be not more than 0.65. _ Where a dam i is constructed on solid r rock 


and the foundations well “keyed”, it is ; difficult to see how sliding can occur 
76 until crushing or shearing has taken place. That other designers have taken 
advantage of this additional of against sliding, is shown | in the 


+ references of | the e author, indicating that dams have been constructed with a 

aiding factor 


: = With regard to ‘sliding along construction joints, the author | suggests that 


the joints be stepped and inclined so as to form an angle equal to the angle of of 
the coefficient of friction. Although, in general, this suggestion is a good one, 


_ the writer prefers: a modification by reducing the angle to one-half the angle 
- of the coefficient of friction. yh The reason is that, if the joints were inclined 80 


as to neutralize slipping with the reservoir full, there would be. a tendency for 


the ‘structure, when the _reservoi ir was empty, to slide back into the reserit 


t Received by the Secretary, December 15, 1923. 
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However, pe Lynn Perry,t M. Am. Soc. C. E. (by letter). {—This paper presents authen- 


n placed | tic information concerning - the design and construction of one of the largest | 
nes very recent structures for shore protection known to the writer. Its. importance and 


dies ate considerable investigation and study the final design was 
ction of determined. — d. The paper, however, contains very little information, concerning 7 


a tides, the nature of the sand, the direction of prevailing winds at times of 


of both | maximum erosion, the extent of this erosion, and the quantity of littoral drift. 
Unprotected beaches are subject t to erosion and accretion, and d a great deal 
ased by of money . has been spent in attempts to protect water- fronts from such erosion 


into the | and even to. promote aceretion. ‘This construction and the results recorded 


= 


United ‘4 ‘In 1858 , Atlantic as was the beach front street in Atlantic City, N. 5, _ 

ttresses considerable anxiety was felt concerning the ‘progressive 

id rock - Place at that time. i In order to save a light- house at the northern e end of the 


1 occur island, the Government built a breakwater (about 187 B) at right angles to the 
» taken - shore line and about 200 ft. in length. ‘This brought about immediate and per- 


in the -Manent relief, the shore line already having receded about 3 mile. - Vee similar 7 7 
with a _ structures, as well as the piers, have caused continued accretion. Fig. 8 shows 3 
hak what occurred at Longport, N. J., a few miles away, during these years. It is 
ts that the original map of the Borough, with the shore line as it was in 1914 4 


thereon. Conservative es estimates indicate a loss of more than 180 acres in 
- this ree recession of about | FA mile. _ Most. of the ocean front of Longport is now 


"Protected by a sea-wall, of which Fig. 9 is a vertical cross- -section. 


Given af free > hand and ample > funds, an « engineer often can protect a beach be 3 
pool destructive erosion n by using a combination of sea- a-walls and groins. a A 
sea-wall, if well built and judiciously located | ‘above the high-water line, will _ 


protect wad shore line, which is frequently necessary. At same 


‘action, a system of groins may be us used to prevent the “swirling action of oo 


water from carrying the beach sand. indicates 
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" DISCUSSION : OCEAN BEACH ESPLANADE, SAN FRANCISCO, | 
that groins are a dependable defense against undermining. ‘Short sections + 
of sea-wa alls. often have been destroyed by 1 the flanking action of the sea a“ : 


storms, and, ‘therefore, | “walls are built, be continuous: 
reasonably long stretches. 


the sections: ‘built in E and Continental 
states ‘that they wall should present an elliptical front, the eccentricity depend- 
ing on the slope of the beach. _ Laboratory "observations, however, indicate 
Sy 

a compound circular face could be designed to present the same adv antages © E 
and obviate some of the disadvantages of construction. 
The groins: or jetties ‘should be: (a) tight; (b) protected with rip- rap; 
begin at the wall and extend well beyond the low- water mark; (d) project 2 me 
3 ft. above the beach; (e) be spaced at a distance a ‘apart equal: to their length; 
and (f) be built normal to the ‘shore line. BP : they are built of wood, the wood © 7 Co 

should be treated with creosote, and all spikes and fittings: should be well gal- - 
vanized. _ The most ee | objection to sy stems of groins is their unsightly 
i For a a shore protective structure, a rigid system of inspection and repair 7 


should be maintained. many municipal structure have been 
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MEMOIR OF HIRAM FRANCIS MILLS [Memoirs 


‘MEMOIRS: OF DECEASED MEMBERS: 
Nore. will be in the volumes of Transactions. Any information 
which will amplify the records as here printed, or correct any errors, should be forwarded to 


HIERAM FRANCIS MILLS, Hon. M. Am, Soe, 


‘Hiram Francis Mills, a son of Preserved Brayton and Jane Lunt Milk, 


| 


_ “was born in Bangor, Me., on November 1, 1836. His father was a prominent 


"physician of the Tien system and was highly « esteemed in the com- 


i 4 ‘ian of the Thompsonian system and was h med in the 


ne public of Bangor from 
which he entered the Polytechnic Institute, | at Troy, | and was 
graduated 1 with the degree of B. S., in the > Class of 1856. - Among his classmates 
were other noted engineers, ineluding g the late J oseph Phineas Davis, Charles 
Cyril Martin, and John Allston Wilson, Members, Am. Soc. C. E. 
Before ‘commencing independent professional work, Mr. Mills to 
Poe ten years’ experience with the ablest engineers in the United States 
on important works then in progress, and during this period he was associated 
with such eminent men as the late James ee Kirkwood, William E. Worthen 
and James B. Francis, Past-Presidents, Am. Soe. C. E., Charles Storrow, 
M. Am. Soe. C. E., and others. This experience was. sought, for the 
oppo tunity of association with such engineers, without regard to salary. In 


] Fogesrad of this plan, Mr. Mills served on on the ‘Bergen Tunnel of the Brook- 
dyn Water-V Works with Kirkwood ; on -water- -power ‘measurements and 


Mass., on the Concord River, in connection with the drainage of the adjacent 


a a While on this work, he came in contact with Mr. Storrow, one of the 


Commissioners for the State, with whom he formed a lasting acquaintance and 


. i friendship that led ultimately to his engagement at Lawrence, Mass. — 
ae 1863, Mr. Mills was Resident Engineer at the east end of the Toosae 


Tunnel , when he designed and built the State dam in ‘the Deerfield River. 
Three years later, he designed a stone dam on the Penobscot River at Bangor, 
‘Me. » and made plans for the development of a water supply. 


About 1868, he opened an office in Boston, Mass., for professional he 
making a specialty of hydraulic engineering and difficult foundations. 
1869, he conducted a series of tests | on water turbine wheels at the Canal of th the 


Cs | Wames Power Company, at Lowell, Mass., to determine { their efficiency in 
the use of water and p power. 3 _ These turbines included the Swain wheel, the 
Leffel, Bodine, and» other runners which have been superseded by 


= and higher class wheels. The writer assisted as an observer on ‘these 


— tests s and thereafter 1 was associated with Mr. Mills during the remainder 0 @ 


Memoir prepared by Richard A. “Hale, M. Am. 
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closely connected with the construction number of mills, including dift- 


at Mass, which had large power 

the “Merrimac” ‘River “twenty. years previous a and had founded the City 
Lawrence. Mr. Charles S. | Storrow who had designed and developed the ‘power 


and had laid out the | city, was reasurer of the Company. Mr. Mills began 


and instruments ‘for the deity mneasurement of ‘water leased { 

_ Among” his ‘studies was one which resulted in the improvement of the 


Pitot convenient accurate gauging purposes and | brought 
| 


the instrument to a high degree of effici siency. It has never been Placed on the 
“market as commercial venture, it was always Mr. ‘Mills’ idea “that 


3 the profession should receive the benefit of the 1e results. In April, 1878, yee con- 
tributed an interesting paper on the subject of piezometers to the American 


We Between 1870 ‘and 1885, Mr. Mills had a large outside practice | in the 
ake 


development of hydraulic powe er ‘New England and the West, and 


after the in 1892 of James B. rancis, Past- President, Am. 


, who had been in charge of the Lowell Water + Power for many years, 
Me. Mills was called to assume its direction and, later, was made Chief Engi- i 
he neer of the Locks and Canals Company, which position he held until shortly a 
= his death. He also ‘retained his connection with the Essex Company 
baa Tn 1886, Mr. Mills was appointed a a member of the ne newly org organized. -Massa- ~ 
unt State Board of Health and was elected by his associates to be Chair- a. a” 
man of its Committee on Water Supply and Sewerage, serving as such until 
the Board was ; legislated out of existence in 1914. His devotion to this work | on 
and to the interests of the State has seldom been equalled and never 


He an extensive system « of water sampling and 


pe urification water and cewage. 
ere 
for the public ‘the excellent pees earnest of the work 
the respect of the Legislature and resulted in unusually 
appropriations being placed at the disposal o of Mr. Mills. In this 
the - famous Lawrence ‘Experimental Station was developed, which, all things 
considered, is probably the leading laboratory in the world devoted solely to the 
study of the purification of water and sewage. His services, in ‘conjunction with 
r those of Dr. ‘Henry P. ‘Wolcott, Chairman of the old ‘State Board, and the — 
other “members, gave the organization an excellent reputation. ‘Deaths from 


oy consumption for the 1 whole State dropped from 45 ‘per 100 000 persons to about — oats q 


t 5 when the Be Board was abolished, while the death rate from all causes, 4 for the — 


State as a whole, dropped during the period of Mr. Mills’ 


membership, from | 
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OF HIRAM FRANCIS MILLS 


Ca Among the sige public enterprises with v w which Mr. Mills _was eon 


_ nected in a position of the highest responsibility may be mentioned ‘the pre 

liminary studies for the improved sew erage and dra ainage of the Boston Metro 


a politan J District, the water supply of the Boston Metropolitan District, th 


‘the general subject ‘of public these is more thoroughly cha 
struction of “the wate 


‘ 


built in ‘that city, Mr. Mills doubted the of drawing a srl 


the polluted Merrimac River, for he did not believe i in the ‘theory of the rap 


self purification of running streams, which at that time was held strongly in 


opportunity offered, he investigated the typhoid epidemics along the 
river and eventually became an mn earnest 4 advocate of om filtration of this supply 


for domestic use. ‘After a great deal ‘of opposition had been overcome, al 

appropriation for a filter was made by the City authorities, and the direction 


= _ of the work was left to Mr. Mills, as he had agreed to assume all responsibility 
design and construction, without expense to the city. was the most 


noted filter in the United States for many years, a its effect on the death 


ig Although the death rate in Lawrence from typhoid fever was greater a 

in most cities before the filter was put in operation, since then the rate has 

a or re remained below the normal. 1. The vital statistics show that probably about 

sixty lives annually have been saved by this work, ‘to mention the many 


~ cases of sickness from v which ‘recoveries are made. this 1 undertaking, as in 


many others of a ‘a pu ublic nature, Mr. Mills served entirely without -compenss- 
tion often order to achieve results 
WA which he considered to be of general advantage. — 3 It i is only among men 1 who 


- a id have worked under him that the importance of his labors for the profession 


Area Mr. Mills Ww as granted the degree of Master of Arts by Harvard aie ersity 
tc 1889. He was elected | a Fellow of the American Academy of Arts and 


Sciences in 1877, and a _ member if “the Corporation of the 


He published 1 many aimiong which are the following: 


 “Bxperiments Upon Piezometers ‘Used in Hydraulic Experiments”; “Water 
Power of the United States”; “Experiments: Upon Central Discharge W ater 
Wheels” ; “Protection of the Town of Westfield from Future Floods” ee “Con 
struction of the Pacific Mills Chimney”; “The Protection of ‘the Purity « of 
Toland’ Waters”; “Purification of Sewage by Applying It ‘to Land”; Report 


of The State Board of Health Upon the Sewerage of the Mystic and Charles 


River Valleys”; “A. Classification of ‘the ‘Drinking Waters of the: State”; 
- ag Report of The State Board of Health on Filtration of Sewage and of Water 
Chemical Precipitation of Sewage”; “Purification of. “Sewage and of 


by Filtration” he of the W ater Supply of the City of Lav 
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‘and Its R Results”; as as memoirs of John C. Hoadley, James B. 


Francis, ‘and Charles S. Storrow, leaders in the engineering world. ae. 
Tn 1917, Mr. Mills resigned his position at Lowell and removed t to Hingham, 
7 where he resided until his death. He had been busy, as his health per- ‘ie 


mitted, in ‘completing various hydesulie formulas in connection Ww ith his 


on August 93, 1917, at. Hingham. ‘shortly Low ell. They had no a 


children. . Mr. Mills is survived by. two nephews and two, nieces, the children 


of his brother, James Mills, a prominent mining engineer cor who died many 
my 


prudent ‘management. and wise investments, he had accumulated con- 
siderable property 1 unknown to his most intimate Seinnilie: ‘His will, containing | 


many bequests of public interest, showed his usual eareful consideration and a 
ver 


thoughtfulness s. No finer expression of the ideas and lessons drawn from a 


will ean be found than the following comment from a prominent writer in 


one of leading engineering publications of the title, Will 


fciaries the evident put upon their selection and 
tions and explanations relating to the residuary estate, is afforded by the will — 
of the late Hiram F. Mills, which has just been made public. Of the public 
bequests of Specified amounts, two are because of their objects 


versity speaks puliaiee. coming as “it does from a man who, ‘ena his thirty 
years of devoted work on the State Board of Health of Massachusetts, yd 
tributed so much to the reduction of the mortality rate in general and to the 
typhoid rate in particular. Some decades ago, it is conceivable that Mr. Mills 
might have established a fund to combat typhoid. _ That is no longer an urgent 
need. A fund to aid in the reduction of the general death rate would not 


aida 
have that directness of aim to be expected from ‘an engineer like Mr. Mills. — a 
What more natural, familiar as he was with the major causes of disease, suffer- — 4 y4 
ing, and death, still awaiting successful attack, than that Mr. Mills should — : 
select that widespread, baffling, and dreaded disease, cancer? 

_ “The minor public bequests, it may be noted in passing, show discrimina- — 4 
tion. The gifts are small, but they will prove helpful materially and, in some 
respects, more important yet, because of the appreciative recognition given to 

these institutions in the will of a great and thoughtful engineer. | ey eae HT 

Sr “Most directly human of all the gifts, and perhaps most characteristic Di 

the | giver, is the bequest of the residue of Mr. ‘Mills’ estate for the benefit of _ a 
the needy of Lawrence and Lowell, particularly the mill workers. This gift, — a 
48 stated in the will, springs from Mr. Mills’ half century of professional work _ 

in making the most ‘of the water power on the Merrimac River and upbuilding $e : 
the cities of ] Lawrence and Lowell. _ The gift shows an appreciation of the 

7 as well as the mechanical factor in the growth of these communities. ea 

_ “Mr. Mills’ bequests prove anew that a man’s deeds are his best monument. 

ey also show that a last will and testament may be the most self-revealing 
of the documents a man leaves among the written memorials of his life work: 7 
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4 
Herbert | Clarendon Alden was born in Newark, N. J., on October 28, 1859, 
After receiving his preliminary education, he entered New York University §& 
from which he was graduated in 1881 with high honors, receiving the: degree of 
of B. S. He « stood at the head of his class during his entire term in college B22’ 

= in all subjects relating i in any way to mathematics. Later, Mr. Alden took a equ 
post-graduate course at the School of Mines, Columbia University, from which 
he was graduated i in 1884 with the degree his 


Otpad 
On February 1, 1885, he entered the service of, ‘the: ete, 


sioners” of the State of New as a Rodman on “the construction of the len 

difficult tunnel driven about 300 ft. under the Harlem River to form p part of bas 

what at that time was known as the New Croton Aqueduct. On May 9 9, 1887, Ste 

ay 

Mr. Alden ‘was appointed an Assistant Engineer on this work, in which as 

position | he remained until April 15, 1893, when, the Harlem River Tunnd § 

having been completed, he was “transferred to the Engineer Corps of the 19 

Aqueduct Commissioners then engaged on the construction of the Carmel 

Reservoir on the West Branch of the Croton. River. Mr. Alden remained on 

_ this work until it was completed i in the fall of 1897, when he was transferred Fe 


to the Engineer Corps i in charge of the construction of the Jerome Park Reser J 


In connection with Mr. Alden’ s work with the Aqueduct Commissioners, 


H 


Edward Wegmann, M. Am. Soe, 0. E., writes: as follows: i> 


“While in | | Comm 


7 “3 more than nine years a member of the Engineer Seed of 2 I had charge 
as Division Engineer, and I got to know him, therefore, quite intimately. | He t] 
was very intelligent, quick, exceedingly zealous and efficient in the perform: Yr 


ance of his duties and EO 
— On J anuary 19, 1905, the wk on the J erome Park Reservoir having been 


4 completed, Mr. Alden was transferred to the Office of the President of the 
_ Borough of of The Bronx, in which office he served until his death on November 
While in the employ of the President of the Borough of The Bronx, Me 
was assigned to various works for which his unusual qualifications fitted him. 
He 1 was connected with the construction of the Storm Relief Tunnel, from 


Webster Avenue ‘to the Harlem River, which was built to relieve the 


"charged condition of the Ww Webster Avenue sewer. ‘This tunnel sewer was 


7 equivalent i in size to a circle about 12 ft. in diameter, and the work * was carried 
_ ae: on at certain points under somewhat difficult conditions. While engaged oD 
b. 2 this work, Mr. Alden found time to make a careful study of the geology of the 

a material through which | the tunnel was constructed, and after its completion, 
‘prepared ai an “interesting a and comprehensive ‘Teport of f this feature of 
is eT During his connection with the Office of the President of the Borough of 


= Bronx, he also had charge of various important public works and desi 


| 


several of the large sewers built in the Borough. 


® Memoir prepared by Josiah H. Fitch, M. Am. Soc. C. 
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Mr. Alden was unusual j in that after having been graduated from ‘college, 
ihe maintained, by constant study, his familiarity with higher mathematics, 


B paving in the Borough of The Bronx. For this work a laboratory had been 


He died with his lifetime of service to the city, the State, and the country F 


Memoirs. ‘MEMOIR OF AUGUSTUS ELLSWORTH BACHERT 


chemistry, geology, and languages. He “spoke and. German, ‘French, 
Italian, and Spanish, and was one of ‘the most widely ‘informed owt the 
service of the city. He had written books on higher mathematics; no mathe- 
matical problem was too deep or too involved for him to solve. He was an 
expert | chemist t and toward the latter part of his term « of service, his knowledge 
of chemistry was utilized continually in the testing of all asphalts ; used for 


equipped. in Borough Hall for his personal use. 
- Aside from his engineering work, Mr. Alden had a hobby of making, in a 
his leisure hours, musical instruments, such as violins, mandolins, guitars, 


ete. He was very successful at this work and x made instruments of excel- » = 


He had devoted a great deal of his spare time to military service » of the 
State and the United States. He He enlisted i in the » New York National Guard 
08 a Private i in the 4th Separate Company, Yonkers, N. Y., on December 27, 
1900, and served, subsequently, as Corporal and Sergeant until _ January 7 


1907. ‘First, Lieutenant and Battalion Quartermaster of 


State he was" made a of the 10th on : 


‘February 20, 1908. He was appointed a Captain of the Coast ‘Artillery Corps, 


again, due to re- he was appointed First Lieutenant on 
29, 1913, and as such was mustered into the Federal Service on July 15, 1917. 


He served | at Forts Totten and Schuyl ler until: the termination of the World | 


War, and was honorably discharged in 1919. 
- Mr. Alden’ ’3 loss to the Engineering Corps i in the office of the President of 
“the Borough | of The Bronx, of New York, is one that can. never be 
“replaced. There was. no subject connected with» mathematics, chemistry, 

geology, or general | engineering that, if referred to him, did not receive con- 


scientious study, followed by a comprehensive, intelligent, and complete report. 7 


oH 


— 


known only to a few intimate associates, but he left a lasting memory of his | = 


os 
“many wonderful qualities in. the hearts of the 1 fortunate few who | knew 


My Alden was elected an Associate ‘Meniber: of the American: Society of 


Civil Engineers o1 on March 1893, and a 1 Member on February 2, 1909. 


AUGUSTUS ELLSW ORTH BACHERT, M. Am. Soc.C.E* 


Augustus. Ellsworth Bachert, the son of William ‘Miller a: and 


‘Suzanna 
Bachert, was born in Pa., on August. 14, 1862. 
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a After receiving his pilin education, Mr. Bachert was employed froy 


7 1874 to 1876 as Chainman and Instrumentman on | property § surveys in Schyy. 


4 ‘kill, Carbon, and Luzerne | Counties, , Pennsy lvania, as well as surveys to settle 


- disputed boundaries between the Philadelphia and Reading Railroad Company, 
3 A. Weldy and Company, and others, in Schuykill County. _ From 1876 to 


1885, he attended the ‘Millers sville Normal School the | Ohio Northen 
4 University at Ada, Ohio, from which he was graduated in ‘March, 1885, wit 


he of Engineer. his vacations, Mr. Bachert worked a 


In 1885 and 1886, hen was as employed a as Chainman o: on 1 surveys en 


“of the South Pennsy ‘vania Railroad, under Gaylord Thompson, M. Am. flee 


and the late Frank 
_ “Tal 1886, he accepted the position as , Assistant to the late Thomas S. MeNair, 


- M. Am. Soe. C.E. . Resident Engineer for the Lehigh h Valley I Railroad Company, 


on the location and construction: of 13 miles « of railroad from Hazleton to 
Delano, Pa. Mr. Bachert had charge « of the maintenance of 1 way of the Hazleto, 


Beaver Meadow, and Mahanoy Divisions of the Lehigh Valley Railroad. . He 


al also” constructed reservoirs s at Hazleton, ‘Place, Delano, and was 


“engaged i in mining engineering in Luzerne County, Pennsylvania. 


J _ rom. 1890 to 1895, he held the position of Resident Engineer and Land 
eee for the East Broad Top Railroad, the Rockhill Iron and Coal Company, 


the Broad Improvement Company, and the Broad Top Semi-. Anthracite 
| Company. His work in tl this connection consisted of the survey and | 


: construction of 73 miles of extension for the East Broad Top Railroad Com- 
pany and the construction of Woodvale Shaft for the Coal Companies. Sibi = 


a During 1895- 96, Mr. Bachert was engaged i in architectural work and ¢ con- 
 tracting at Hazleton, McAdoo, and other places in Pennsylvania. _ “In 1896, he 


accepted a position ¢ as ‘Assistant Engineer to the late McNair, Chief 


_ Engineer for the Cranberry Improvement Company, , the Black Creek Tmnprove- 
‘ment Company, the Union Improvement. Company, and the Highland Coal 


‘Company of Luzerne County, Pennsylvania, and, this position, he 

— engaged i in railroad, mining, and hy draulic > engineering. In 1900, he entered 


a ‘the employ of the H.C. _ Frick Coke » Company | as Division Engineer, in charge 


of the Leisenring | Division, in Fayette County, Pennsylvania, consisting , of 
Leisenring Nos. 1, 2, and 3, Trotter, Adelaide, Rist, Henry Clay, Davidson, 


: Welle January 1, 1905, Mr. Bachert was appointed Chief Engineer of the 
Ellsworth Coal. Company, at Ellsworth, ‘Pa., and, in April of the same 


: he was made General Super intendent of the Rockhill Iron and Coal Company, 
a Broad Top Improvement Company, and the Bro ad Top Semi-Anthracite 
Coal Company, at Robertsdale, Paz In addition, on J 1907, Mn. 


3road Top 


er 

_ Mining Engineer. In 1911, Mr. Bachert was appointed Oi and Mints 
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Bicinber for the Pentityivania’ Railroad Company, retaining this position until 
He was the author of ‘monographs entitled “Huns ‘versus: American Indian” 

and “Albigenses, Waldenses and Vaudois Huguenots”. _ = 


oe On September 18, 1885, Mr. Bachert was married io! Miss Ada E. W eaver _ 


He was a member of Kappa Delta, ‘the American for 


Ady ancement of Science, a Fellow of the Royal Society of Arts, a Mason, and a 


Mr. elected f the Amerie: ‘an of Civil 


Eng ineers on June 


GEORGE THOMAS BARNSLEY, M. Am. Soc. 


ality, He entered College with the Class of 


On leaving college, ‘Mr. Barnsley entered the service of ‘the Norfolk and 
Western Railway Company as Rodman, and rose to » the position of Resident 
‘Engineer of Construction during the following six ye ars. ‘This and other 


T 
railroad construction occupied his attention until 1898, when he went to 
- After serving about a year in charge of construction of a section. of the 


Buitalo, Rochester, and Pittsburgh Railway, he transferred to the Pennsy Ivania 


Railroad in 1899, and ‘was in charge of important surveyt and ¢ construction 


rt In 1901, ‘les was s selected to take charge of the ‘ebubtirhlitioia of the famous. 
Pittsburgh: Terminal of the Wabash | System. The « entry of the Wabash 
Railway into Pittsburgh, Pa., was a notable achievément. The oppor tunity pe 


here offered t to play an important part in carrying out a project ‘surrounded 
by many y physical difficulties, was grasped | by. Mr. Barnsley, and the line was — 
brought into. the heart of the city in spite of the combined ¢ opposition of 


‘powerful - railroad and other interests. Notwithstanding all” the physical 
financial difficulties, during the neces- 


Mt Washington, traffic ‘crosses the great ‘ “bridge: over the 
Monongahela River, and reaches the extensive passenger and ‘freight terminal 7 7 
at an elevation high above the city streets. Thus are seen at a glance the 
Monuments of skill and enterprise which will long endure and commemorate rd 


the notable contest by which a new trunk line secured entrance into ——_ 


* Memoir prepared by Price, Assoc. M. Am. "Soc. C. EL 
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MEMOIR OF SAMUEL CLARENCE ELLIS 


| After serving as Chief ‘Engineer of the Eastern Extension of the Wabas 


System, Mr. Barnsley resigned to become Chief Road Engineer of Allegheny 
County, Pennsylvania, in January, 1906. his. Position he held until stricker 
with heart failure while at his desk on October 23, 1909. _ During this brie 


‘period, the work of road improvement in Allegheny County progressed tos 


: marked degree. _ The system of up-to-date roads in this County was alread 


well and favorably known. The County Commissioners, however, “desired to 
— extend and improve the existing road system and selected to take charge of 
- this work the best engineer available. ‘The record for energy and achievemert 


‘80 recently w won by Mr. Barnsley made his selection for this task eminently 
oe His ‘untimely death occurred in the midst of a program that conten- 


plated a network of 600 miles of road a oe 


é 


them: rapidly, and. them: “thereafter. His interest st in the younge 

members of the profession v was marked. The fact that he was always” willing 
to assist them, has kept his memory fresh in 1 the min of many of of the 

oe Zo generation 1. Deep interest. in his fellows led him at an early age to 
membership i in ‘many engineering and other societies. He took a very active 
part in his local Society— —the Engineers’ Society of Western Pennsylvania—| 

of which he was President at the time of his death. He was also a member 


og the following organizations : Engineers’ Club of ‘The Franklin | 


_ Institute, The American: Association for the Advancement of Science, * 


sal Mr. Barnsley resided at Oakmont, Pa., for many years, and he was 


i= member | of St. ‘Thomas Memorial Protestant Episcopal Church of that place 
‘In 1890, he married to Susa G. Jones, of Olney, Md., and is survived 
"a by his wife and one son, George T. Barnsley, J: z. who reside i in Pittsburgh. ae 


Mr. Barnsley was elected a Ju unior of ‘the ‘Society of Civil 
i 


tf _ Engineers on “May 31, 1892, an Associate Member on May 7, 1894, anda 


‘Samuel Clarence Ellis was born on September 8 8, 8, 1833, in Oxford, ‘Ohio, 


where his parents were located temporarily. He) was the son of Samuel Ellis 

a and Caroline (Little) Ellis, and a brother of the late General Theodore Gram 

ville Ellis, F. Am. Soe. KE. During” his. childhood, Mr. ‘Ellis: lived in the 
fold “historic F rankland Mansion, in North Square, _ Boston, Mass., which had long 


the home of his father and grandfather. His mother the daughter 
of William Little, an old- time merchant, who lived i in the famous Hutchins 


Mansion also i in North ‘Square. 
eal v Early i in n life, Mr. Ellis worked as a Civil Engineer on railroad constructs 
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MEMOIR OF FREDERICK GIDDINGS 


be he remained until the breaking out of the Civil War, when he enlist 
pad served with the Forty-fifth Massachusetts Regiment. When he left — 
ervice, h he held the commission of Captain. We 
‘Returning to Boston, Mr. Ellis r Te- -entered the office of the City “Engineer, 
here he remained until 1867. He was then assigned to the Surveying Depart- _ 
Brent as Assistant, serving until June , 1891, at Chief 


During his service in the City ‘Raginedt’ 8 : office, Mr. Ellis performed many 


duties i in connection with the water-works ges. He 
phad charge of the making of the Public Garden. 7 lie 


In the Surveying Department, he had charge of many surveys, 


including the street changes i in the District, after, the great in 1872; 


improving of the Suffolk Church Street, “and Northampton 


Districts, as well as the development of the Back Bay. 
Chief Engineer of the Board of “Survey, he carried 


Ellis retired from active practice of his profession in ‘July, 1895. 
4 
his residence in Boston, however, until his death, which 


Mr. Ellis was. never married. He was a member of the: Boston Society of 


Civil degre He was also : a ‘Veteran Member of the Cadets, a member of 


om 


"Frederick eee was er in Bristol, England, on April 29, 1842. He Ke. 
aie to this country when he was twenty-one years old, and completed extensive aa i 


studies ‘in the Canadian Military School, Toronto, Ontario, afterward 


engaging in the work which became his: Engineering, as 


8, Rodman and 


construction. of the Flint and Marquette Railroad, in Michigan; 
Instrumentman and Assistant to the Division Engineer on the construction © het 
of the Missouri River, Fort Scott, and Gulf Railroad, in Kansas; 1870 to 1872, ae =a 
Assistant Engineer on the construction of the Leavenworth, Lawrence, and ia “a 
Galveston Railroad, in ‘Kansas; 1872, Engineer on the Sheboygan and Fond ay 4 
du Lae Railroad, in anuary, 1873, to December, 1880, Engineer 


Memoir ,Prepared by Cc. Rathburn Pres. , Atchison Union Depot & R. R. Co. 
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IEMOIR OF FREDERICK GIDDINGS 


on the and Nebraska | Railroad, extending from Atchison, 


Lincoln, Nebr. ; ; as Chief Engineer, Mr. ‘Giddings had charge of the construc: 


a 4 tion of an extension of this x road from Lincoln to Columbus, Nebr., , known as 
ZZ the Lincoln and Northwestern Railway; ; 1881- 82, 1 with the St. Paul, Minneapolis 
Fy and Manitoba Railway, as Assistant Engineer in charge of bridges, buildings, | 


— and water stations; later, he had charge of the construction of the Tine from, 
Sst t. Cloud to ET : 1883, in private practice, at Atchison, Kans, 


7 a 1884- 85, Assistant Engineer in charge of a division on the > reconstruction of 
the St. Joseph and Des Moines Railro ad, in. Missouri ; April, , 1885, to date of 


his retirement (except one year), City, Engineer of Atchison, Kans.; 4 during 


> fy period, | he also served as County, Survey or or of Atchison County for five 


years, and as County Bridge Engineer about ten years. 


“TZ On January 28, 1879, Mr. Giddings was married to Miss Mary Taliaferro 


Atchison, Kans., the w redding taking place in ‘Trinity Protestant Episcopal 
~ Church, of which Mr. Giddings was alwi ays an active member, serving succes: 
sively as First Vestryman, unior Warden, and Senior Warden. 


Mr was a member of the American Society for Municipal Improve- 


i 4 ments, having served one year as Vice-President a and one year as President. be 
a _# He was a 32d Degree Scottish Rite Mason, a Shriner, and a Charter Mem- 
ber of the Atchison Benev olent Protective Order of E Iks, ‘of which he | was 


Mr. Giddings died in Charlotte, N. CG, on December 13, 1922 » and is ‘sur 


a vived by two daughters, Mrs. Christine G. Hereford, of Charlotte, N. Cc, “and 
Mrs. | Edwynne G. Allen, of Albuquerque, N. Mex. | He was buried in Mt. 


the last. few years of his life, Mr. Giddings was prominent a8 a 


He w as a man 0 of his of 


Mr. Giddings was elected : a Member of n Society of Civil Engi- 


a4 


— 
Ps 
| 
7 
° 
ets 
— 
— 
— 
i 


